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Riassunto 
Il tema di questa tesi di dottorato riguarda la modellazione delle onde sismiche provocate da 
terremoti e la valutazione di scenari di scuotimento sismico. Lo studio è stato eseguito 
principalmente nell'ambito del progetto del Gruppo Nazionale Difesa Terremoti (GNDT) 
denominato 'Scenari di danno nell'area veneto-friulana' , il cui principale obbiettivo consiste 
nella definizione del rischio sismico nell' area suddetta, che è notoriamente esposta a terremoti di 
carattere distruttivo. Particolare enfasi è stata rivolta alla città di Vittorio Veneto (TV), in virtù 
della sua rilevanza dal punto di vista storico, artistico ed economico. 
Con questa tesi è illustrato ed applicato all'area veneto-friulana un approccio di ausilio alla 
stima della pericolosità sismica, che si avvale di sofisticati metodi numerici per valutare 
l' incidenza sul moto forte del suolo atteso dei vari fattori fisici che lo condizionano. Abbiamo 
valutato separatamente l'effetto dovuto all'estensione della sorgente e quello dovuto alla 
propagazione del campo d'onda attraverso la struttura geologica e gli effetti dovuti alle 
caratteristiche dei suoli superficiali. Gli studi eseguiti per questa tesi consistono nel calcolo di 
scenari deterministici di scuotimento a scala sia regionale sia locale e nella valutazione della 
risposta sismica a Vittorio Veneto. L ' approccio deterministico alla stima della pericolosità 
sismica significa che vengono calcolati sismogrammi sintetici per una o più sorgenti di 
riferimento, le quali sono preventivamente individuate e di cui è data una parametrizzazione 
fisica. 
Nella tesi viene dapprima brevemente esposta la problematica del calcolo deterministico del 
moto del suolo atteso per un terremoto, illustrando alcune metodologie utilizzate per il calcolo 
dei sismogramrni sintetici (Capitolo 2). Per descrivere gli effetti sul moto del suolo dei fenomeni 
legati all ' estensione della sorgente sismica (modalità della propagazione della rottura sulla 
faglia) è stata perfezionata una tecnica, basata su modelli semplificati della struttura crostale, 
costituiti da strati piani orizzontali e quindi privi di eterogeneità laterali. Tale tecnica si basa sul 
calcolo della funzione di Green elastodinamica mediante il metodo dell' integrazione del numero 
d'onda (wavenumber integration method- WIM) ed è indicata come EXWIM (Extended Source 
WIM). Questo metodo è stato impiegato per la valutazione di scenari di scuotimento a scala 
regionale nell' area di Vittorio Veneto. I risultati di queste modellazioni sono illustrati nel 
Capitolo 4, dopo una breve introduzione della geologia e sismicità dell' area fatta nel Capitolo 3. 
Per evidenziare gli effetti sul moto del suolo legati alla complessità della struttura geologica si è 
dovuto seguire un metodo più raffinato per la modellazione della propagazione delle onde 
sismiche ossia il metodo agli elementi spettrali (SPEM 2-D). Il metodo permette di simulare la 
propagazione dell'onda sismica in mezzi bidimensionali eterogenei e di incorporare nella stima 
del moto del suolo atteso le eventuali conoscenze di dettagli nella struttura geologica ed è stato 
quindi impiegato per la costruzione di scenari dettagliati di scuotimento a Vittorio Veneto, come 
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descritto nel Capitolo 5. Infine, nel Capitolo 6 è descritta la campagna di misure di rumore 
ambientale a stazione singola, eseguita a Vittorio Veneto e la sua elaborazione mediante il 
metodo di Nakamura o HVSR (horizontal-to-vertical spectral ratio) al fine di valutare la 
distribuzione della risposta sismica sull'area cittadina su base sperimentale. 
Gli scenari di scuotimento a scala regionale ottenuti tramite in metodo EXWIM, 
considerano due terremoti di riferimento: uno ha come sorgente sismica la faglia relativa al 
terremoto storico "del Cansiglio" di magnitudo M=5.8 del 18 ottobre 1936, l'altro è relativo ad 
un ipotetico terremoto associato alla struttura sismogenetica del Montello per la quale si stima 
una magnitudo M=6.7. Le modellazioni sono state eseguite utilizzando diverse ipotesi di 
attivazione della sorgente sismica (posizione del punto di nucleazione sulla superficie di faglia e 
distribuzione del momento sismico). Sono stati calcolati sismogrammi sintetici per un insieme di 
ricevitori distribuiti su una griglia regolare sul territorio considerato in modo da ottenere delle 
mappe di scuotimento. Si sono inoltre considerati modelli della struttura crostale diversi in 
funzione della posizione geografica del ricevitore. Dalle mappe di scuotimento ottenute per le 
varie ipotesi d'attivazione della sorgente sismica è possibile valutare l'intervallo dei valori del 
moto del suolo atteso su base statistica. 
Gli scenari dettagliati di scuotimento a Vittorio Veneto (Capitolo 5), sono stati ottenuti 
considerando, come evento di riferimento, il terremoto del Cansiglio del 1936. Sono state 
eseguite due modellazioni lungo sezioni verticali passanti per la sorgente e per due località della 
città di Vittorio Veneto, per le quali erano disponibili informazioni di dettaglio sulla struttura 
geologica di superficie. L 'effetto della struttura geologica sul moto del suolo e' stato analizzato 
tramite sismogrammi sintetici completi ed immagini che mostrano la propagazione del campo 
d'onda. I risultati indicano che, considerando solamente l'effetto dovuto alla combinazione del 
profilo di radiazione della sorgente e della propagazione delle onde attraverso la struttura 
geologica complessa, la zona di Vittorio Veneto corrisponderebbe ad un minimo relativo di moto 
forte del suolo. D'altro lato è evidente dalle modellazioni una rilevante risposta locale dovuta 
all' intrappolamento dell' energia sismica all'interno dei depositi quaternari che formano il bacino 
di Vittorio Veneto. 
Al fme di caratterizzare la risposta sismica locale di sito sono state inoltre esegmt1 
nell ' ambito del progetto di ricerca, diversi studi per la definizione della geologia di superficie e 
la distribuzione dei diversi tipi di suolo. Nell'ambito di questa tesi è stata eseguita l' analisi delle 
misure di rumore ambientale (all'incirca un centinaio di siti) acquisite nell'area di Vittorio 
Veneto, allo scopo di stimare la risposta locale. Il metodo utilizzato consiste nel calcolo del 
rapporto spettrale tra la componente orizzontale e verticale del rumore. Nel caso il sito sia 
caratterizzato da un forte contrasto di impedenza (maggiore di 2.5-3) tra la superficie ed il 
bedrock, il picco nel rapporto spettrale calcolato corrisponde alla frequenza fondamentale di 
risonanza del sito stesso. I risultati ottenuti dalla campagna eseguita a Vittorio veneto indicano 
una buona correlazione tra le frequenze fondamentali ottenute dagli HVSR e i tipi di suolo 
individuati lungo il bacino. La mappa ottenuta dalle misure di rumore ambientale è stata 
utilizzata, neU' ambito dello stesso progetto, per la definizione de ila mappa di microzonazione 
sismica di Vittorio Veneto. 
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Altri studi concernenti la modellazione delle onde sismiche provocate da terremoti sono 
stati eseguiti durante il corso di dottorato nell' ambito di diversi progetti di ricerca, quali il 
progetto GNDT 'Scenari dettagliati e provvedimenti fmalizzati alla prevenzione sismica 
nell' area urbana di Catania' , il progetto 'Microzonazione Marche' ed il progetto 'Pegasos'. E' 
stato eseguito inoltre il processing dei dati di rumore sismico ambientale acquisiti in diversi 
comuni della provincia di Campobasso, in prossimità di edifici scolastici allo scopo di dare 
un' indicazione sulla frequenza di risonanza e sulla presenza di possibili effetti di sito. 
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l Introduction: Motivations an d basic 
concepts 
This work has been developed through the three-year research project entitled 'Scenarios of 
seismic damages in Friuli and Veneto ' funded by the National Group for the Defence against 
Earthquakes (GNDT). Although the goal of the overall project was to provide an estimate of the 
seismic risk in the Veneto-Friuli area, most studies focused on the town of Vittorio Veneto, in 
virtue of its historical and artistic importance as well as for its geographical location and 
economie importance. 
The strong ground motion estimation of future earthquakes is a key tool in the attempt to 
mitigate the seismic risk in sensitive targets such as the urbanized or industriai areas located 
close to active faults as well as specific industriai facilities (e.g. nuclear power plants). Most 
strong motion estimations in seismic hazard analysis are based on empirica} ground motion 
prediction equations that describe both the ground motion peak values and response spectra for 
earthquake-resistant design as a function of magnitude, fault distance and ground condition. On 
the other hand, the observation of destructive earthquakes shows that the strong ground motion is 
strongly influenced by several additional factors, such as source processes, propagation-path 
characteristics and site effects on the strong ground motion (lrikura, 1998). Numerica! methods 
are required for comprehensive strong ground motion estimation where the contribution of these 
factors is taken into account. In this study, we have built ground motion scenarios in the area of 
Vittorio Veneto by using two different numerica! approaches. 
The frrst approach we developed, called EXWIM, allows considering the effects of the 
spatial extension of the seismic source, modeled as a rupture propagating along a piane fault 
surface on the seismic wave-field. The rock-medium, where the seismic waves propagate, is 
described by horizontal piane layers characterized by different seismic properties. This 
description is a good approximation of the crustal structure at a regional scale. We use this 
method to build strong ground motion scenarios for different extended source hypotheses. We 
consider two reference earthquakes for the Vittorio Veneto area: the historical M=5.8, Cansiglio 
event of October 10, 1936 and a hypothetical M=6.7 earthquake, associated to a supposed 
seismogenetic structure under the nearby Montello area. 
The second approach, called SPEM 2-D, allows describing the effects of a complex crustal 
structure and local soil conditions (topography included) on the propagating seismic waves with 
accuracy, using a simplified description of the source. Seismic wave propagation simulations are 
performed in vertical planes containing both source and receivers. This method has been used for 
the construction of two detailed ground shaking scenarios for the Vittorio Veneto area and for 
estimating the effect of the wave-field propagation on the ground motion through the complex 
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Alpago-Cansiglio geologica! structure. The reference earthquake is again the historical M=5.8 
Cansiglio event. 
The October 18, 1936 Cansiglio earthquake heavily hit the area of Vittorio Veneto. The 
maximum damage occurred at the Serravalle and Ceneda districts, in the center and south-
westem part of the city, respectively, where some building collapses occurred. The strong spatial 
characteristic of the distribution of earthquake damage is usually due to the diversity of the 
geologica! material and irregularly shaped near-surface structures (Aki, 1988). 
Thus, during the project, a number of investigations were performed to define the geology, 
the soil distribution as well as to estimate the local site response. In particular, within this Ph.D. 
thesis, the seismic response in the Vittorio Veneto basin has been assessed by means of a survey 
consisting of single-station ambient seismic noise measurements. The analysis was based on the 
Horizontal-to-Vertical Spectral Ratio (HVSR) method, known also as Nakamura's technique. 
The ambient noise HVSR was computed at a l 00 different sites, obtaining the map of 
fundamental resonant frequency ali along the study area. Moreover, the results of this study ha ve 
been used to classify soils and defme a microzonation map for the Vittorio Veneto area. 
This Ph.D. thesis begins with a description of the two numerica! methods used in the 
estimation of the ground motion (Chapter 2). A brief introduction to the geology of the area of 
the Vittorio Veneto basin is given in Chapter 3. Chapter 4 is dedicated to the application of the 
numerica! method EXWIM to the construction of shaking maps at regional scale for the two 
reference earthquakes, using different extended source models. In Chapter 5, detailed scenarios 
at Vittorio Veneto are constructed by the 2-D spectral element method (SPEM 2-D), considering 
complex structural models and local site conditions. Finally, Chapter 6 is dedicated to the site 
response evaluation by means of ambient noise HVSR and its application to the town of Vittorio 
Veneto for microzonation purposes. Tbe conclusions are given in Chapter 7. 





ground moti o n 
Accurate estimation of strong motion waveform in a broad frequency band is an 
indispensable requirement in the establishment of earthquake-resistant design and in the p1anning 
of seismic disaster prevention measures. For instance, studies of the ground motion from the 
1994 Northridge (California, USA) and the 1995 Hyogo-ken Nanbu (Kobe, Japan) earthquakes 
bave shown that combined source process and wave propagation path effects may cause large 
amplitude ground motions at particular areas that cannot be predicted by purely stochastic 
techniques (Irikura, 1998). 
On the contrary, a numerica] deterministic estimation of ground motion (ground motion 
modeling) is possible when the geometry and dynamics of the seismogenetic structure are known 
with good approximation together with the rheology of the geologica! structure along the wave 
propagation path between the seismic source and the observation site. 
2.1 Ground motion modeling 
According to the representation theorem (Aki and Richards, 1980), ground motion u; (x, t) 
can be computed as on the convolution of the slip-time function b.u1(ç,t) and the Green's 
function spatial derivatives Gij.k(x,t-t0 ;ç,t0 ) integrated over the fault surface L. 
u, (x' t) = H c jklm c;')dul c;, t)* G ij.k (x, t- to ;;, to )d L.(;) ( 2.1) 
r 
The earthquake source is a rupture which propagates along a fault segment with finite 
velocity. It can be represented, in a simplified way, as a system of double couples distributed 
along a fault plane .E with faulting mechanism (f/J, 8, À). Within the constraints imposed by the 
fault geometry and average mechanism, the seismic moment and slip direction vary along the 
fault piane, locally. Equation ( 2.1 ) can be rewritten as: 
u;(x,t) = Jfsc;,t)*g ;<; .o . ..ì> (x,t;;)dL.(;) ( 2.2) 
r 
where: 
s(ç,t) is the 'local' source tirne function in the position ç (source term), 
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g/~. O.J..J (x, q; t) is the i-th component of the response function in the location x for a double 
couple source with faulting mechanism ( rjJ, O, A.) in the position q (propagation term), 
and * denotes time convolution. 
As seen in equation ( 2.2) the evaluation of the ground motion requires the determination of 
the faulting surface r., the slip history along it and the knowledge of the response of the medium 
for all the points in L The problem of the ground motion evaluation can be therefore subdivided 
into two parts: 
• Characterization of the source; 
• Characterization of the propagation of seismic waves from the source to the 
observation site. 
Figure 2.1 Source parameters (fault mechanism (1/J, b: A.), rupture area r., slip vector .1.u) and 
observation site x 
2.2 Kinematic models of earthquake source 
The classica} descriptions of the rupture for ground rnotion modeling purposes follow either 
the kinematic or the dynamic approach. In the first case, the slip (or slip velocity) amplitude 
along tbe fault is assigned according to an empirical or statistica! model. In the second case, the 
source evolut ion comes from the solution of a dynarnic model of rupture. The kinematic 
approacb is usually preferred because of its much simpler irnplementation. 
With a kinematic approach, the earthquake source is defined by three main terms, i.e. 
rupture area, slip history and rupture velocity. The rupture area can be represented by a rectangle 
with two horizontal sides of length L, parallel to the strike direction, and two oblique sides of 
length W, parallel to the dip direction. In the points ç, inside the rectangle, the slip function s(ç,t) 
that describes the evolution of the rupture according to a physically plausible model. Usually the 
evolution of the rupture corresponds to the propagation of a slip step D.u from a rupture 
nucleation point, with a rupture propagation velocity vn lower than the shear wave velocity. 
According to the observations, the final slip D.u is not uniform on the rupture area but is 
concentrated in a few patches called asperities. 
The quantitative description of the kinematic source mode l depends o n the magnitude of the 
earthquake. Several studies revealed the existence of sirnple scaling laws that determine, with 
reasonable uncertainty, the values of the source parameters for an expected earthquake. 
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2.3 Scaling la ws 
The seismic moment Mo of the seismic event (expressed in dynecm) can be related to the 
moment magnitude Mw by the following empirical formula (Hanks and Kanamori, 1979): 
2 
Mw =-log M 0 - 10.73 3 
The fault area S can be estimated using two relationships, namely: 
log(S)=a +b* Mw, 
( 2.3) 
( 2.4) 
with (a, b) = (-3.42, 0.90), (-2.87, 0.82), and (-3.99, 0.98) for strike-slip, normal, and reverse 
mechanism, respectively (Wells and Coppersmith, 1994), and 
2 
S = 2.23*10-5 M 03 
given by Sommerville et al. (1999). 
( 2.5) 
The dimensions of the fault segment (L, W) can be estimated from S using the following 
constraint: 
1.5W < L < 2W. ( 2.6) 
In the point source approximation, the source duration -r, which corresponds to the duration 
of the rupture along the whole fault segment, is estimated by Heaton (1990) as: 
( 2.7) 
VR is the velocity of rupture propagation, which we assume to be related to the shear wave 
velocity f3 by 
VR =0.8·/3. ( 2.8) 
The average slip value D and the stress drop !l. a can be estimated by (Kanamori and 
Anderson, 1975): 
fl.(7 = 3.. f.L!!_ for the strike-slip mechanism, 
7r w 
fl.(7 = 4(A.+ p ) p!2 for the dip-slip mechanism, 
1r(A. + 2p ) W 




The average slip D and the point slip duration -r can be estimated also using the empirica l 
relationships given by Somrnerville et al. (1999): 
NUMER!CAL METHODS OF GROUND MOTI ON MODELING 
an d 
l 
D = 1.56 ·10- 7 MJ 
l 




According to Sommerville et al. (1999), asperities are the fault segments where the slip 
exceeds the average value by a factor of 1.5. Sommerville et al. (1999) bave identified a number 
of empirica} relationships that define the average features of the asperities on the fault. Thus, the 
area of the largest asperity can be estimated from the seismic moment by: 
2 
Sasp =3.64·10- 16 M03. ( 2.14) 
The average number of asperities is about 2.6, the area of the fault covered by asperities is 
22%, and the average slip contrast is 2.01. The duration of the rupture along the asperity can be 
estimated by (Heaton, 1990): 
( 2.15) 
Finally, the average slip value on the asperity can be estimated by (Sommerville et al., 
1999): 
D asp = 2.0l·D. ( 2.16) 
2.4 Development of an extended source modeling technique (EXWIM) 
The numerica! procedure that has been followed for the simulation of ground motion for 
kinematic source models is called EXWIM. It has been developed in the last years by MODES 
group at the OGS (Trieste). EXWIM is a hybrid stochastic-deterministic method that computes 
strong motion seismograms for an extended earthquake source by solving the 3-D full-wave 
propagation in anelastic media with a vertically heterogeneous structure. Synthetic seismograms 
can be computed with high accuracy at any distance from the source. 
In EXWIM hybrid approach, composite broadband seismograms, that span the entire 
frequency range of interest, are obtained as a sum of deterministic low-frequency complete 
seismograms and a stochastic high-frequency contribution. The need to use such an approach 
comes from a common acceptance among authors (e.g. : Pitarka et al., 2000) of the fact that the 
signallooses its coherence in the high-frequency band as an effect of the w ave-field propagation 
through the real earth. 
The procedure consists in (Figure 2.2): 
l. discretizing the extended source into a grid of elementary point sources; 
2. computing, by wave-number integration method (WIM), the seismograms generated 
by each point source with unitary seismic moment; 
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3. scaling the seismograms according to the given distribution of the slip; 
4 . summing up the contributions from each point source with a delay so as to simulate 
the propagation of the rupture; 
5. adding a stochastic contribution. 
Deterministic Parameters 
. srructural Mode! 
. Maximum Frequency 
•Magnirude 
Lo w -frequency 
deterministi c 
. Fault type 
.Geometriocal Settings 
Green's Function Computation (WIM) 
,, 
L Extended Source Seismograms l 
-- --
- - ---, 
l High Frequency Extrapolation J 
,, 
l Synthetic Seismograms l 
Aleartory Source Parameters 
. Sii p Distribution 
. Nucleation Points 
High-frequency 
stochastic 
Figure 2.2 EXWIM flow chart 
For an extended source discretized by N elementary sources, the expression for the ground 
rnotion eq. ( 2.2) can be written: 
N 
u(t) = LS11 (t) ~n(t). ( 2.17) 
n= l 
where n is the index over the N extended source discrete elernents. The function sn(t) 
describes the time evolution of the seismic moment release frorn the n-th source discrete element 
and thus depends also on the propagation of the rupture over the extended source. W e can split it 
into two parts: 
( 2.18) 
where an(t) is the time function of tbe n-th source element (with t=O as starting time), and 'rn 
is the tirne when the rupture front reaches the n-th source element. The values 'Z;z depend on the 
rnodel of the rupture propagation. If we assume that the rupture propagates from a given source 
element (the nucleation point xo) with a constant velocity Vr, the values t'n can be calculated by a 
simple procedure as 
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( 2.19) 
Then, the equation for the ground motion ( 2.17 ) can be written: 
N 
u(t) = L:a,/t)*l5(t--r,)*g,(t) ( 2.20) 
n=l 
The extended source is discretized by a rectangular, regular grid with grid step Lix satisfying 
the following condition: 
( 2.21) 
where Cmin is the minimum velocity of seismic waves, v, is the rupture propagation velocity, ot is 
the time sampling step which defmes the max frequency we can consider, namely the Nyquist 
frequency fmax=l1(28t). The use of a too large grid-spacing causes artifacts in the sumrned signal, 
(e.g. overshooting in the high frequency band) which may lead to a noticeable overestimation of 
acceleration amplitudes. 
The computational kernel used for computing seismograms m the deterministic low-
frequency band is the Wavenumber lntegration Method (WIM) developed and coded by 
Herrrnann at St. Louis University (Herrmann and Wang, 1985; Herrmann, 1996a, 1996b). This 
method solves the 3-D full-wave equation in an anelastic, vertically varying medium (i.e. piane 
layer model) for a point source. The elastodynamic equation is written in cylindrica1 coordinates 
and then decomposed in the domain of the angular frequencies and complex wave-numbers 
(Herrrnann and Mandai, 1986). The solution is based on Haskell's method (1963, 1964), which 
has been extended to include arbitrary source and receiver positions, and a more complete set of 
boundary conditions. Tbis method was frrstly introduced by Bouchon and Aki (1977) and it has 
been implemented by a number of authors (i.e., Bouchon, 1981; Countant, 1994). Hermann's 
code implements several numerica} integration schemes and controls, to improve the solution 
accuracy. Green's functions include the complete response of the Earth structure, so that all P 
and S waves, surface waves, leaky modes, and near-field terms are included in the synthetic 
seismograms. The computer time required to synthesize seismograms for one source-receiver 
couple goes from few tens of seconds to severa] tens of minutes, depending on the overall 
geometry and structure model. 
One of the input data required for the kinematic modeling of tbe seismic source is the final 
seismic slip distribution (or, alternatively, the seisrnic moment distribution) along the faulting 
surface. The hypothesis of homogeneous slip distribution on a finite fault surface is clearly 
unphysical, since it irnplies infinite stress drop on the fault surface borders. On the other hand, 
severa l studies based o n strong ground moti o n data inversion ( e.g. Somerville et al. 1999) sbow 
the slip distribution on the rupture surface is higbly heterogeneous and exhibits patches with high 
slip values known as asperities. 
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Herrero and Bemard (1994) suggested for the slip distribution a self-similar k-2 mode] for 
generating realistic broadband seismograms. The k-2 is based on the assumption that the 
amplitude spectrum of the slip distribution decay as k-2 for increasing wavenumbers k, whereas 
the phase spatial spectrum is random: 
( 2.22) 
(!:!.u) is the average slip on the fault surface resulting from scaling laws, S is the fault 
surface area, whereas Kxa and Kyo are "corner wavenumbers", which are usually taken as the 
inverse of the fault lengtb L and width W respectively. Tbe model assumes instantaneous rise-
time and constant rupture velocity. 
Actually, in our numerica! simulations we refer to the seismic moment distribution instead 
of the slip distribution, but the two quantities are proportional and we can theorize a k-2 model 
for the seismic moment distribution as well, assuming the shear modulus (~) constant along the 
rupture piane. 
W e can easily generate discrete k-2 slip or seismic moment distributions by means of the two 
dimensionai FFf algorithm and a random number generator, as illustrated in the following 
flowchart ofFigure 2.3: 
Build amplitude spectrum - Build phase spectrum 
M o <l>(kx,ky)=RANDOM( -1t, 7t) jm(kx,kJj = 
, l+[uJ +(::.n 
l 
~ 
Build complex spectrum 
m(kx,ky)=lm(kx,ky)lei <P(kx,ky) 
l 
l JFFJ2D l 
~ 
Seismic moment spatial clistribution 
m(x;y) 
Figure 2.3 k-2 slip distribution construction flowchart 
The distribution obtained by the described procedure is usually characterized by localized 
negative values, whose physical interpretation would be that of an unrealistic back-slipping. 
These undesired values are removed by two concurrent actions (Figure 2.4), i.e. by summing-up 
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a positive value and by converting the remaining negative values into zeros, respectively. The 
first operation enriches the distribution by secondary asperities, while the second one produces 
"barriers" within the rupturing surface (Papageorgiou and Aki, 1983). 
m 
m m 
o L X o L X 
Figure 2.4 Two alternatives ways of interpreting the negative values in the k'2 model (see text) 
In the Herrero and Bernard (1994) model the moment release occurs instantaneously, that is 
in a time corresponding to the inverse of the sampling frequency. In other words: 
an (t)= a
11
0(t) ( 2.23) 
As an example of the k'2 moment distribution, 
Figure 2.5 shows two of the distributions along the rectangular fault surface used to simulate 
the ground motion scenario for the Montello earthquake (see Chapter 4). 
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Figure 2.5 Two different k'2 seismic moment distributions used in the simulation ofthe M=6.7, 
Montello earthquake (L x W=15x30 km) 
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Once the seismograms are computed for all the elementary sources, they are first scaled to 
the given seismic moment distribution and then summed-up, applying the delay defined by the 
assumed rupture propagation kinematics. In our approach, the rupture starts at a given nucleation 
point and propagates with constant velocity. 
The location of the nucleation point has a significant influence on the characteristics of the 
ground motion since it controls the rupture directivity effect. Directivity effects occur when the 
rupture front propagates toward or away from the observation site. In the first case (forward 
directivity), the amplitude of the ground motion increases and the duration shortens, whereas tbe 
apposite happens in the latter case (backward directivity). Unlike the case for strike-slip faulting, 
where forward rupture directivity effects occur at alllocations along the strike direction, dip-slip 
faulting produces directivity effects on the ground surface that are most concentrated in a limited 
region, up-dip of the fault p lane 
EXWIM computes accurate, complete synthetic seismograms for botb the source near- and 
far-fùeds. However, compared to other methods, EXWIM is computationally more expensive 
due to both the complexity of the Wavenumber Integration' s algorithm as well as the fme 
discretization needed to meet the condition given by eq. ( 2.21 ), which results in a huge number 
of point source seismograms to be computed. The algoritbm has been improved by applying a 
suitable interpolation to compute the elementary seismograms. The harmonic interpolation 
technique (Vuan and Priolo, 2003) has shown to be very accurate and effective in reducing the 
number of elementary seismograms to be computed by WIM. 
The ground motion simulation based on deterministic kinematic source models is suitable 
for the low-frequency band ( < 2-3 Hz) only. At higher frequencies, a stochastic approach is to be 
preferred, sin ce the seismic signal looses its coherence in the high-frequency band as an effect of 
the wave field propagation through the real crustal structure. In EXWIM hybrid deterministic-
stochastic approach, once seismograms are computed in the low-frequency band, a high-
frequency contribution is added. The algorithm works in the frequency domain: first, it defmes 
the amplitude of the high frequency of spectrum througb the value of the plateau of the 
deterministic signal; then applies a spectral decay according to a pre-assigned attenuation la w; 
hence, it defines the phase spectrum as a random phase; fmally, goes back to the time domain. 
Special care is taken to avoid the spectral holes in the cross-over band. The high frequency limit 
is usually set at 3 Hz for tbe deterministic contribution. 
2.4.1 EXWIM applications 
In this study, the EXWIM has been applied to the construction of ground motion scenarios 
in the area of Vittorio Veneto. As I w ili describe in detail in Chapter 4, the ground moti o n has 
been computed at a regular grid of receivers sampling tbe study area, for different assumptions 
of the structural model and source parameterizations. The results consist of three-component 
displacernent, velocity and acceleration waveforms, as well as a number of other relevant 
parameters used to describe the ground motion. The large number of seismograms obtained 
considering several hypotheses of seismic moment distributions and nucleation points ha ve been 
analyzed from a statistica} point of view. At each receiver, the scenario is represented by the 
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average, the average plus the first standard deviation and the maximum of the chosen ground 
motion index (e.g.: PGA value). 
Besides the Vittorio Veneto case, tbe EXWIM metbod has also been applied to other two 
studies within the Ph.D. course. These studies will be presented within the Appendices through 
the originai reports or papers produced. 
The first study (Appendix l) is a near-fault ground shaking scenario for the municipal area 
of Catania (Sicily, ltaly) (Laurenzana et al. , 2004). The reference eartbquake is the February 20, 
1818 M=6.2 earthquake, whose epicenter was close to the northem part of the present location of 
the city (Figure 2.6, left panel). Despite its lower magnitude, the 'Catanese' earthquake has been 
accounted for in the seismic hazard assessment of Catania, because of its vicinity to the city. The 
ground motion has been computed for a regular grid of receivers, sampling the urbanized area of 
Catania. To take into account the local site conditions, the VS30 values bave been specified at 
each receiver. Figure 2.6, right panel, shows the average PGA scenario, which consists of the 
mean value obtained considering different fault sizes (i.e. stress drop values), slip distributions, 
rake models (constant and variable) and all nucleation points, computed at each receiver. 
14'»1:! Jj"OO'E 
J7''!11"' 




Figure 2.6 Left: the study area, the location of the February 20, 1818 M=6.2 'Catanese' 
earthquake. Right: Mean PGA (Horizontal component) 
The second study consists in the estimation of the median near-fault and maximum ground 
motion in Switzerland (Priolo et al. , 2003; Priolo et al. , 2002). This study has been perforrned in 
the frame of the Pegasos Project, a project of Probabilistic Seismic Hazard Analysis required for 
Nuclear Power Plant installations. Some numerica! simulations has been performed to assess the 
median ground motion for an M= 6.5 event at short distances from tbe fault. W e bave taken into 
account two structural models (characteristic of Switzerland) and two fault mechanisms, i.e. 
vertical strike-slip and 45± dip-slip fault. In order to evaluate the ground motion variation with 
both distance and azimuth, seismograms are computed along five arrays of receivers at different 
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distances from tbe fault , ranging from I km to 25 km. Witbin tbe same project, a set of numerica} 
simulations bave also been performed to investigate the ground motion upper limit. Tbe ground 
motion has been computed at three distances (R= 5, 25, and 60 km), for three magnitudes 
(M=5.5, 6.5, and 7.0), two focal mechanisms (strike slip and normal) and for two structural 
models. A preliminary analysis aimed at evaluating the most criticai experimental settings for 
what concems tbe maximum ground sbaking has also bee n performed. Tbe results (Figure 2. 7) 
of tbese studies consisted in a large set of synthetic seismograms, response spectra and ground 
motion parameters (PGA, PGV, spectral accelerations) tbat bave been analyzed statistically. An 
extract from the final report of the study aiming at assessing tbe median near-fault ground 
motion in Switzerland) is presented in Appendix 2. 
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Figure 2.7 From top to bottom: seismograms of displacement, velocity and acceleration, and 
response spectra of velocity and acceleration (thin and thick lines, respectively). From left to right: 
vertical, North and East components. M=6.5, strike slip mechanism and distance R=S km. 
2.5 The Chebyshev Spectral Element method- SPEM 2-D 
Basically, a numerica! metbod devoted to tbe simulation of tbe ground motion induced by 
earthquakes must be able to solve two main features correctly, i.e., tbe wave field propagation 
througb a realistic geologica} structure, and tbe eartbquake source, tbat is the energy release on 
tbe fault. If tbe spatial extension of tbe faulting surface is small enough to be assumed point-like, 
tbe description of tbe source can be simplified. In the point source approximation, we bave tbat 
equation ( 2.2) is reduced to: 
( 2.24) 
wbicb allows us to consider only one response function per observation site. In this situation, we 
can make more of an effort in tbe evaluation of the propagation term by taking into account 
complex features of the Eartb's crustal structures sucb as latera} inhomogeneities, irregular 
topograpby and particular local site conditions. Tbe near surface regions, in particular, are often 
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very criticai for the nurnerical rnethods, since they are characterized by large acoustic irnpedance 
contrasts, and soils with high VP IV5 ratios. 
The Chebyshev spectral element rnethod (SPEM 2-D) is a high-order fmite element 
technique, that solves the variational formulation of the elastodynarnic equation. The 
computational domain is decomposed into non-overlapping quadrilateral subdomains (elements) 
and in each subdornain, the solution of the variational problem is expressed as a truncated 
expansion of Chebyshev orthogonal polynornials, as in the spectral methods. Following the 
Galerkin formulation, in which the interpolant functions used to approximate the true solution 
are the same as the test functions, we obtain the semi-discrete forrnulation of the wave equation. 
This is represented by a system of linear, second-order, ordinary differential equations given by: 
Mii+Dù+Ku=f 
where u is the displacement field, 
M, D, and K are the mass, damping, and stiffness global matrices, respectively, 
and f is the vector of the extemal forces. 
( 2.25) 
Tbe global matrices are obtained as "stiff summation" of the elemental matrices, and are 
sparse, symmetric and positive-defmite matrices. The ordinary differential equation is integrated 
in tirne by an implicit Newmark scheme, namely the "three-point-recurrence weighted residua!" 
scheme (Zienkiewicz and Wood, 1987). This is a two-step algorithm, unconditionally stable and 
accurate to second-order. The solution u is computed by solving a symmetric positive-definite 
sparse linear system at each time step. Ali details about method basics, implementation and its 
application to the simulation of earthquakes,can be found in (Priolo and Seriani, 1991 ; Padovani 
et al., 1994; Priolo et al., 1994; Seriani and Priolo, 1994, Priolo, 1999, 2000,2001, 2003). 
The order of the polynomials where the solution is represented is arbitrary. Usually, orders 
equal to six or eight are chosen since they have been shown (Padovani et al. , 1994) to be the best 
compromise between accuracy, cornputational efficiency, and memory requirement for this kind 
of formulation. The method requires only a low number of grid points per wavelength (G), and 
the accuracy does not degrade even for very long propagation times. For examp1e, values of G = 
4.5 and G = 5.2 are typically used with polynomial orders N = 8 and N = 6, respectively. 
Materia! inhomogeneity is modeled simply by defining different material pararneters for adjacent 
elernents. The material characteristics do not vary inside each element. At inter-element 
boundaries, the displacernent continuity condition is imposed. The free-surface boundary 
condition is obtained by imposing no constraints at boundary nodes. The inner reflection of the 
outgoing wave fie1d at extemal boundaries is elirninated through absorbing strips where the wave 
field is srnoothly attenuated (Cerjan et al., 1985). Attenuation Q is introduced in a simplified 
form (Graves, 1996) with a single value for ali propagating waves. In this approximation, Q 
depends linearly on the frequency, but it can be shown that for frequencies near a given reference 
one - usually taken as the centrai frequency of the source- this form approximates the constant Q 
fairly well. The value of Q is set at the shear wave velocities which are the dominant waves in 
the wave field generated by an earthquake. The main advantages of using the SPEM are (i) the 
flexibility of the unstructured grids in describing realistic geometries; and (ii) the high 
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computational accuracy, which derives from the use of high-order Chebyshev polynomials. In 
inhomogeneous media, SPEM has been shown to be more accurate than other grid methods 
(Seriani and Priolo, 1994), especially in the case of inclined and curved interfaces, since grid 
lines can be aligned exactly with materia! interfaces. These SPEM properties make it particularly 
suitable for computing numerically accurate solutions of the full-wave equations in complex 
media. 
By contrast, the main disadvantages in the present implementation are: (i) the large amount 
of computer memory needed to store the global matrices M , D, and K; (ii) the need for 
sophisticated software tools to defme the model and build-up the spatial mesh; and, (iii) the 
possibility of solution instabilities at points wbere a high contrast interface impinges the free 
surface, or within regions characterized by a high VP /V5 ratio. These numerica! instabilities are 
related to the so-called "Poisson ratio locking" (Szabo and Babuska, 1991), a drawback which is 
typical of the displacement formulation when handling nearly incompressible materials. 
2.5.1 lnput preparation 
In order to prepare the input for the SPEM numerica} simulations two preliminary tasks are 
required. The frrst consists in the subdivision of the structural model in homogeneous domains. 
Rock formations and soils are expressed in terms of body-wave velocities (Vp and Vs), density 
(p) and attenuation (through the quality factor Q). The elastic behavior of the rocks is assumed to 
be linear and isotropic. 
The second task consists in the generation of the elements mesh using irregular quadrangles. 
Tbe use of irregular meshes and isoparametric high-order elements makes it possible to adjust 
the element size to the minimum wave velocity locally, and to follow all the structure interfaces 
exactly. Compared to methods based on structured meshes, the total number of grid nodes is 
strongly reduced. However, the mesh generation requires careful work, expertise, and 
appropriate software tools. 
The rnesh is generated in two steps. First, the rnodel is decornposed in severa! sub-regions, 
which are meshed one at a time. Then, the whole rnesh is obtained by sticking together all tbe 
meshed sub-regions. Basically, a quadrangular meshing technique is used to discretize an 
irregular region or to defme a thoroughly irregular mesh. As an example, Figure 2.8 shows a 
detail of the quadrangular mesh used to discretize the geologica! structure underneath the town 
of Vittorio Veneto. The picture clearly displays how the irregular grid adapts to the near surface 
structure and surface topography, and in particular, how the rnesh size changes to fit the shear 
wave velocity locally. 
2.5.2 The 2-D hypothesis 
The basic assurnption of the 2-D approach is that both model structure and source extend 
infinitely in the direction perpendicular to the vertical model piane. Therefore, a 2-D point 
source is actually a 3-D line source orthogonal to the rnodel piane. The 2-D hypothesis results in 
both a wrong amplitude attenuation due to geometrica} spreading (i.e. wave amplitude attenuates 
proportionally to 11..[; in 2-D instead of 1/r, which is correct in 3-D), and a change of wave-
NUMERICAL METHODS OF GROUND MOTION MODELING 28 
front shape (i.e. the wave-front produced in any point of the space by a source of fmite duration 
has an infinitely long "tail" in 2-D, while it remains fmite in 3-D (Carrion and Foster, 1989). The 
latter is a well-known consequence of the nonvalidity of the Huyghens' principle in 2-D - and 
more in generai, even-dimensional- spaces (Achenbach, 1973). Consequently, when using a 2-D 
method, the following facts should be kept in mind: (i) the fault strike should always be nearly 
perpendicular to the model piane; (ii) rupture propagation may occur only along the model piane, 
and (iii) in-piane (P-SV) and out-of-plane (SH) particle motions are uncoupled (i.e. the two 
vibration modes exchange no energy). 
Figure 2.8 Example of a quadrangular mesh taken from the simulation performed for the 
town of Vittorio Veneto. Tbe picture clearly displays ho w tbe grid adapts both in shape to fit the 
near surface structure and surface topography and in size to fit the shear wave velocity Jocally. 
2.5.3 Source parameterization 
The source is simulated through a point shear dislocation (double-couple model) and it is 
introduced through a field of external forces. This model can be used to approximate an 
earthquake source under the assumption of either a large source-receiver distance or low 
magnitude event, but it does not reproduce the occurrence of a rupture, that propagates along an 
extended fault. 
However, in order to simulate the contributions of an asperity over the fault segment in a 
simplified way, the source ti me history ca n be obtained by summing two pulses of the form: 
( 2.26) 
The Fourier amplitude spectrum ofthe pulse has a typical m2 decay. The parameterarelates 
to the corner frequency fc by a = 2 1t fc. By summing two pulses featuring distinct corner 
frequencies !c and !asp, we airn to represent the superposition of the rupture of an asperity on the 
rupture along the whole source. The two pulses are scaled to the assumed value of the seismic 
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moment by setting the slip magnitude and duration througb some empirica! relations, i.e. 
equations ( 2.12) and ( 2.13) (Sommerville et al., 1999), ( 2. 7) (Heaton, 1990) for the w ho le 
source segment, and equations ( 2.15) and ( 2.16) (Sommerville et al., 1999) for the asperity. 
2.5.4 SPEM 2-D applications 
In this study, the SPEM 2-D has been applied to the construction of detailed ground shaking 
scenarios at Vittorio Veneto. Numerica! simulations have been performed along two transects, 
crossing the town center of Vittorio Veneto. These transects feature the same structural model, 
while they specify the local geologica! structure at Vittorio Veneto, including the topography in 
detail. The reference earthquake is the M=5.8, 1936 Cansiglio event. The results of the 
simulations have been analyzed using snapshots of the wave field propagation as well as 
complete synthetic waveforms at the model surface. 
Besides the Vittorio Veneto case, the SPEM 2-D method has been applied, within the Ph.D. 
course, also to other studies: 
l) The simulation performed for the "Marche Microzonation" research project. The aim 
was to provide a detailed microzonation of some selected cities of the Marche Region (Italy). 
The SPEM-20 method was applied to perform a detailed sirnulation of the ground motion and a 
site response analysis for the two cities of Treia and Cagli (Marche Regio n, Italy). In both cases, 
the reference events were two M=5.7 earthquakes associated to normal faults located beneath 
each city. The ground shaking has been estimated using severa! indices, such as peak 
acceleration, Arias intensity, Housner intensity, response spectra and horizontal-to-vertical 
spectral ratios. The sirnulations performed showed the strong influence of source characteristics 
and wave field propagation through the geologica! structure on the resulted ground motion as 
well as the local site effects. 
Figure 2.9 Snapshots of the acceleration wave field (amplitude) for the simulation at Treia 
(Marche region, ltaly). Propagation times are indicated at the bottom-right of each panel. 
2) The numerica! modeling of the December 13, 1990, M=5.8 East Sicily earthquake at the 
Catania accelerometric station. This work aimed at validating, by SPEM 2-D numerica! 
sirnulations, the hypothesis of local site effects and effects of strong crustal heterogeneities 
as causes of anomalous amplitudes in the accelerograms recorded at the Catania station. 
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Furthermore, this study demonstrated that the numerica! modeling approach based on the 
SPEM 2-D, provides reliable results, while simplified lD models may not be an adequate 
means to reproduce realistic seismograms and predict the ground motion in the frequency 
band of interest for seismic hazard (i.e. 0.5-10 Hz). In generai, this study has emphasized 
the importance of methods that accurately mode l the w ave-fie l d propagation tbrough 
realistic geologie structures for predicting ground motion. The detailed description of this 
study is provided in Appendix 3. 
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3 The Veneto-Friuli area: a short 
introduction 
The study area is a square of 50 km x 50 km located at the border between the Veneto and 
Friuli-Venezia Giulia regions and surrounding the town of Vittorio Veneto (ltaly) (Figure 3.1). 
Two reference earthquakes are considered, i.e. the M=5.8 event, which occurred in the Cansiglio 
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Figure 3.1 Base ma p of the study area, showing the Iocation of the epicenters of the Cansiglio 
and Bellunese earthquakes (red stars), the position of the fault surfaces modeled by EXWIM and 
the corresponding receivers areas (red and blue rectangles and squares, respectively) and the 
location of the geologica! section used for the 2-D SPEM simulation. 
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Por each earthquake a specific area, centered on the epicenters of the reference earthquakes, 
is considered for the ground shaking scenarios at regional scale. The two sub-areas overlap 
around the town of Vittorio Veneto (Figure 3.1). The numerica} simulations are performed using 
EXWIM method. 
In addition, two detailed ground shaking scenarios are built up using SPEM-2D method. 
The reference earthquake is the Cansiglio October 18, 1936, M=5.8 event. The study transect 
goes both through Vittorio Veneto and the location of the Cansiglio source with NE-SE 
orientation (Figure 3 .l). 
Vittorio Veneto is a highly populated and industrialized locality, which has been chosen as 
test-site in virtue of its importance from a historical and artistic point of view, for its 
geographicallocation and economica} value for the Friuli Venezia Giulia and Veneto regions. 
The municipal map of Vittorio Veneto is shown in Figure 3.2: the town is formed by the 
union of two localities, namely Serravalle Vecchia (SRV in Figure 3.2) and Ceneda (CEN), to 
the North and South, respectively. These localities represent the historical part ofVittorio Veneto 
along with the center of the town of Vittorio Veneto (VVC), while the part between VVC and 
CEN developed in the last century and represents the area where the city settlement is growing 
(VVN). 
Figure 3.2 Left panel: Vittorio Veneto municipal map. Right panel: a view ofVittorio Veneto 
historical center 
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3.1 Geology of the study area 
The geologica! framework of the study area has been defined within the task-project "Site 
effects in the test site of Serravalle and Ceneda and microzonation of Vittorio Veneto" by tbe 
group of the University of Udine (coord. Eliana Poli (2004)). 
The study area belongs to the Eastem Southalpine Chain, a S-SE verging thrust-belt in 
evolution from Upper Oligocene to the Present. Thrusts are about N70°-80°E oriented and are 
characterized by flat and ramp geometry with medium (30°-35°) to high (50°-55°) dip angles 
ramp. 
Four main tectonic elements are identified in this area: (Figure 3.3): 
The Bassano- Valdobbiadene line (VBL): a Neogene ENE-WSW striking blind-thrust that 
superimposes the Mesozoic basinal carbonatic series on the mostly terrigenous Tertiary 
sequence. 
The Vittorio Veneto syncline- S.Maria di Feletto anticline: the footwall of the VBLis folded 
forming a kilometric syncline-anticline structure WSW-ENE striking. 
Cansiglio overthrust (CA) : this compressive structure, which runs at the base of the 
Cansiglio Massif and superimposes the Mesozoic carbonatic platform sequence on the Tertiary 
terrigenous sequence, features clear evidence of recent tectonic activity (Galadini et al., in print). 
The epicenter of the October 18, 1936 earthquake has been associated to this structure. 
Montello overthrust CMT): This compressive WSW-ENE striking structure shows clear 
evidence of recent tectonic activity and is considered one of the most significant seismogenic 
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Figure 3.3 Geologica) sketch of the Vittorio Veneto area aod neighboring regions (Poli, 2004). 
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3.1.1 The Vittorio Veneto basin 
Vittorio Veneto is built on an intra-rnorainic plain, crossed, today, by the Meschio River. 
The basin, which extends frorn the Serravalle gorge to the rnoraine are of Colle Umberto for 
about 10 krn, is enclosed Eastward and Westward by a series of reliefs (Figure 3.3). In the 
northern sector, the rnonoclinal attitude of the rock beds (ENE-WSW striking, 60-70° S-dipping) 
and the alternation of different lithologies, gave rise to a set of ENE-WSW striking steep ridges 
carved in strong lithologies of the rock substraturn, which alternate to wide eroded slopes carved 
in soft rocks such as rnarls and pelites. 
The defmition of the so il types that characterize the Vittorio Veneto basin was performed by 
means of interpretation of about 70 stratigraphies of existing water wells, 4 o il wells (Elf-British 
Gas), and one ad hoc borehole, 80 m in depth, perforrned in the urban area ofVittorio Veneto (S. 
Andrea di Bigonzo locality). 
The basin of Vittorio Veneto was carved into the Tertiary Southalpine Molasse by the 
eastern branch of the Pleistocene Piave glacier during the Last Glacial Maximurn (about 22-17 
kyr BP). After the retreat of the glacial tongue, the basin was filled by thick fluvioglacial 
deposits as a consequence of the intensive alluvial deposition. Afterwards the erosional activity 
of the Meschio river caused the terracement of the fluvioglacial deposits. As a result, the 
Quaternary deposits outcropping along the Vittorio Veneto basin (Figure 3.4) are formed mainly 
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Figure 3.4 Detailed geo-lithological map ofthe Vittorio Veneto area (Poli, 2004). 
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The lateral and frontal morainic arcs the bind the Vittorio Veneto basin in the South (Colle 
Umberto), in the West (Cozzuolo) and in the East (Anzano), are formed by glacial deposits, 
consisting of prevailing gravels with pebbles in an abundant sandy-muddy matrix, crop out in 
wide areas located on the latera] and frontal morainic arcs that bind the basin. Coarse alluvial 
deposits, with a thickness of about 70-100 meters, consisting of sandy gravels with local sand 
and conglomerate levels outcrop in the Vittorio Veneto plain (VVN in Figure 3.5, cross section 
c). At the base of the surrounding hills, the sandy gravels body is generally covered by fine 
alluvial and colluvial deposits, about l 0-15 rneters thick (i. e. VVC (see Figure 3.5, cross section 
b) and CEN (Figure 3.5, cross section d). Locally, the abundant alluvial material carried by 
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Figure 3.5 b) W-E geologica! section across S. Andrea di Bigonzo area. c) W-E geologica! cross 
section across S. Martino Castle. d) W-E geologica) section across the Vittorio Veneto basin from 
Ceneda Alta to Anzano. (Poli, 2004) 
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3.2 Seismicity 
In addition to the presence of active seismogenetic structures, the seismic history also 
confrrms that the study area of Vittorio Veneto is prone to earthquakes. The main historical 
events that occurred in this area are the October, 18, 1936 Cansiglio earthquake and the June, 29, 
1873 Bellunese earthquake, with MCS intensity in the epicentral area of IX and X, respectively 
(Table 3.1) (Monachesi and Stucchi, 1997). At Vittorio Veneto the MCS intensity was of VIII 
for both events. 
The October l O, 1936 M =5.8 Cansiglio event has been chosen as reference earthquake for 
the construction of ground shaking scenarios for the Vittorio Veneto area. This earthquake 
provoked 19 casualties, an unknown number of injured and heavy damage to buildings. The 
maximum damage was concentrated at two areas localized at North and South of the Cansiglio 
highland, respectively; in particular, localities as Puos D'Alpago, Villa and Cornei suffered from 
50% to 70% of heavily damaged buildings. Collapses occurred also at Vittorio Veneto, Belluno, 
Conegliano and about forty other localities. The damaged area was wide (Figure 3.6) and the 
event was distinctly felt at Venice, Trieste, Padua and generally in the whole of Northem Italy, 
Slovenia, Austria and Switzerland; in centrai Italy the event was felt down to the Marche and 
Umbria regions. The event was followed by two strong aftershocks in the same day, and by a 
large swarm of events during the following five-six months (Boschi et al. , 1995). At Vittorio 
Veneto the damage distribution was quite heterogeneous. The area named Ceneda, located near 
the South-Western part of the city, suffered the most severe damage, and many collapses 
occurred (l'Azione, 1936). 
Figure 3.6 MCS intensity map for the October 10, 1936 Cansiglio earthquake (Monachesi and 
Stucchi, 1997) 
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Ye Mo Da Ho MiJJrs (MCS) Epicentral area Ix MsJ 
1873 06 29 03 ssJJ 80 Bellunes e 100 6 4J 
1936 10 18 03 1oiJ 80 Bosco cansiglio 90 s8J 
1943 07 24 01 4411 60 Valdobbiadene 70 481 
1976 05 06 20 Il 60 Friuli 95 65J 
1890 03 26 20 10 11 50 Cadore 65 441 
1909 01 13 00 45 11 50 Bassa pada na 65 54J 
1952 01 18 01 36 11 45 Polcenigo 50 43J 
1873 09 17 Il 40 Liguria orientale 65 47J 
1934 05 04 13 56 11 30 Carnia 65 43J 
1934 06 08 03 16 11 30 Claut 60 47J 
1951 05 15 22 54 11 30 Lodigiano 60 49J 
1887 02 23 Il 20 Liguria occ . 100 64J 
Table 3.1 Seismic history of Vittorio Veneto: (Monachesi and Stucchi, 1997). From left to 
right: date of the seismic event, MCS intensity at the epicentral area, epicentral area, MCS 
intensity at Vittorio Veneto, magnitude Ms. 
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The October l O, 1936 M =5.8 Cansiglio epicenter was localized at about a 20 km distance 
from Vittorio Veneto, on the Cansiglio plateau. Early studies located the hypocenter depth at 
about 14-19 km (Peruzza et al., 1989), and associated a mainly transcurrent fault mecbanism to 
it. Some recent studies (Sirovich et al., 2000; Poli et al., 2000) has reduced the hypocenter depth 
to about l 0- 14 km, and modified the mechanism to that of a reverse fault, with some strike-slip 
component. The parameterization of the reference earthquake source, used for the numerica} 
sirnulation of this work, relies on the latter hypothesis: the focal mechanism is oblique, with a 
strong character of reverse fault (f/J = 212°, o= 52°, À = 41 °), and depth ranging from 10 to 14 
km (Sirovich et al., 2000). 
Figure 3.7 shows the seismicity recorded in the study area by the OGS Seismometric 
Network from 1977 to 2000 (FVG Seismometric Network Bullettin). The highest concentration 
of events is localized in the North-East section, near the locality of Claut. The current seismicity 
level of the remaining area is rather low, with a maximum magnitude of 3.7. As evident from 
Figure 3.7 the main number of hypocenters is concentrated within 15 km of depth. The two 
significant historical earthquakes which struck the area (i.e. the 1873 Bellunese and 1936 
Cansiglio events, whose epicenters are indicated by the red stars in Figure 3.7) were both close 
to the Alpago-Cansiglio structure. 
The area at SW of Alpago-Cansiglio has featured very weak seismicity in the last twenty 
years (Figure 3.7). The most relevant historical earthquake is the February 25 1695 Asolo 
earthquake with intensity IMcs>IX, at the western edge of the study area. Although the area 
corresponding to the Montello-Conegliano structure is characterized by the absence of historical 
earthquakes during the last 8 centuries, it has been recently investigated with new geologica! 
studies as well as using seismic sections and well data to address the level of seismic hazard. 
This silent structure shows actually evidence of recent tectonic activity, and represents the 
structure associated to a possible future earthquake with magnitude M'S6.7. Thus, a high level of 
seismic hazard has been associated to the Montello-Conegliano structure (Rebez, 2001 ). 
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This reason motivates the choice of the M=5.8, 1936 Cansiglio earthquake and of an 
hypothetical earthquake associated to the Montello-Conegliano thrust, with magnitude M=6.7, as 










Figure 3.7 Map ofthe seismicity recorded by the OGS Seismometric Network from 1977 to 
2001. The hypocetral depth is also indicated. The two red stars indicate tbe epicenters of 1873 
Belluno and 1936 Cansiglio eartbquakes. 
GROUND SHAKING SCENARIOS AT REGIONAL SCALE 39 
4 Ground shaking scenarios at regional scale 
The ground shaking scenarios at a regional scale built-up for the area surrounding the town 
of Vittorio Veneto (Italy) are described in this chapter. Two reference earthquakes have been 
considered: the historical October 14, 1936 M=5.8 Cansiglio earthquake and a hypothetical 
M=6.7 earthquake, associated with the Montello-Conegliano seismogenetic thrusting structure, 
which is currently silent. The modeling was performed by tbe EXWIM metbod. The technique 
bas also been validated by modeling some recent weak events that occurred in the area. 
4.1 Scenario for the M=5.8 Cansiglio earthquake 
Tbis study is divided into two parts. The frrst part aims at estimating the sensitivity of the 
ground motion to the variations in the hypocentral depth and structural model. These are known 
to be two of the most questionable input parameters in the strong ground motion evaluation. To 
this purpose, we computed the ground motion numerically by using the point source 
approximation for different hypotheses of hypocentral depth and structural model. Tbe point 
source approximation allowed us to contain the cost of the large number of simulations. 
In the second part, I pointed out how important it is to take into account the effects of both 
the source fmiteness and tbe rupture propagation along the fault on the ground motion 
predictions. In this case, the rupture propagation along an extended fault is considered. As a 
result, the complete ground motion scenario for the reference event is built-up. 
The study area is a square with a side of 50 km, centered on the epicenter of the earthquake 
(Figure 4.1 ). The ground motion is estimated a t a regular gr id of 441 receivers sampling this area 
with a step of2.5 km. Tbe pararneters assumed for the fault mechanism are (f/J= 212°, J = 52°, A 
= 41 °) and define an oblique mechanism, with strong character of reverse fault. 
4.2 Point source analysis 
The modeling is performed using the Wavenumber Integration Method (WIM) (Herrmann 
and Wang, 1985; Herrmann, 1996a, b), which has been briefly described in Chapter 2. With this 
kind of simulation, different starting assumptions about the source depth and tbe structural model 
can be evaluated. Nevertheless, some important aspects of the ground motion, induced by 
earthquakes, are omitted, i.e. the effect due to the source finiteness (rupture propagation, 
directivity effects, etc.). 
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Figure 4.1 Base map of the study area, showing the epicenter and fault mechanism of the 
Cansiglio earthquake (red star) and the grid of 441 receivers (red triangles) 
4.2.1 Source parameterization 
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The depth of the 1936 event 1s source one of the most doubtful parameters, as the 
hypocenter was frrst located a t about 14-19 krn (Peruzza et al., 1989), an d the most recent studies 
locate it at about 10-14 km (Sirovich et al. , 2000; Poli et al. , 2000). It is therefore of great 
interest to study the effects on the ground motion of the source depth. The range of variation 
assumed in this stud y for the source depth is 8-18 km. Other source parameters, sue h as foca l 
mechanism an d rnagnitude ha ve bee n considered constant, namely ( tjJ = 212°, 8 = 52°, A = 41 °) 
and M=5.8. 
The seismic mornent associated to this event by using the empirica! relationship by Hanks 
and Kanamori, 1979 (eq. ( 2.3)) results to be M~ =5.6 x 1024 dyne cm. However, the local 
empirica! relationship for the Friuli Region (Marcellini, 1995): 
M 
0 
== 1 0(o.9JM.,~I I.87 l [N m], ( 4.1) 
g1ves M~ =1.83 x 1024 dyne cm. The seismic rnornent to be used in the tests has been set at the 
average of the two values, that is M 0=3.7 x 10
24 dyne cm. 
The source time history has been defined on the duration of the rupture of the largest 
asperity rather than of the entire fault surface. This kind of parameterization, tightly related to the 
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'asperity', has shown to be more appropriate to simulate acceleration and therefore to estimate 
parameters which depend on the high frequency, such as peak ground acceleration and Arias 
intensity (Priolo and Laurenzana, 2001). The asperity area has been evaluated in about 8-10 km2 
(eq. ( 2.14 )) with a rupture duration in 'tasp =0.7 sec (eq. ( 2.2)). The wave-field amplitude is 
scaled by the value assumed for the asperity seismic moment, wruch is equal to 1/3 of the total 
seismic moment M0 . 
Magnitude M 5.8 
Seismic moment M o( erg) 3.7 1024 Hanks and Kanamori, 1979; Marcellini, 1995 
Source depth z(km) 10-18 
Strike tp(O) 212 
Di p 8 (0) 52 
Rake A. n 41 
Fault area Lx W (km2) 50 Wells and Coppersmith, 1994: Sommerville et al., 1999 
Average asperity area Aasp(km2) 10 Sommerville et al., 1999 
Stress drop .ia(bar) 20 Kanarnori and Anderson, 1975 
Average slip D(m) 0.2 Kanamori and Anderson, 1975 
Point source duration 't(s) 1.6 Heaton, 1990 
Table 4.1 Va1ues of source pararneters ofthe Cansig1io reference earthquake 
4.2.2 Structural model parameterization 
Different groups of structural, piane layer models have been prepared independently with 
the collaboration of G. Bressan (OGS - Centro Ricerche Sismologiche-CRS, Udine), and A. 
Zanferrari and E. Poli (Dipartimento Georisorse e Territorio - DGT - University of Udine), 
respectively. Having different and independent models is very important, as it allows ones to 
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Figure 4.2 CRSl structural mode]. The solid and dashed lines of velocity and attenuation 
represent P and S w a ves va1ues, respectively. 
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Figure 4.3 CRS2 structural rnodel. Other details as in Figure 4.2 
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The 1-D models prepared by the two groups are the results of different starting assumptions, 
input data, and approaches. The CRS team provided two different structural models, both 
corresponding to the average geologica! structure of North-Eastern Italy, namely CRS l and 
CRS2 (Figure 4.2 and Figure 4.3). The second group (DGT) operates with a different approach: 
it divides the study area into a number of sub-regions corresponding to different structural 
elements and defines a 1-D structural model for each sub-region. The detaillevel ofthese models 
is further improved by taking into account both the uppermost coverage (Quatemary deposits) 
and the topographic elevation in a simplified way. This is performed by adding a surface layer 
with specific characteristics to each sub-region, namely the piane area (p), the foot-hill zone (pd), 
the alpine valley (rn2) or the mountain area (ml). Figure 4.5 shows very clearly the differences 
among the considered velocity models CRS l and DGT and ho w the latter mode l has bee n 
differentiated in the uppermost part in order to take into account the geographical elevation and 
the presence of Quaternary soils. 
In this way, we were able to estimate not only the effects of different structural crustal 
models on the resulting ground motion, but also its variation due to the surface geology. 
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Figure 4.4 DGT structural models. Other details as in Figure 4.2 
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Figure 4.5 Detail of the uppermost part of tbe P wave velocity models used in the 
simulations. 
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Figure 4.6 DGT structural model parameterization. In the map different symbols indicate 
receivers associated to different structural models: stars, squares, diamonds, circles and triangles 
indicate the piane area (p), the foot-hill zone (pd), the alpine valley (m2) and the mountain area 
(ml), respectively. The corresponding P and S velocity structures are displayed in Figure 4.4 
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4.2.3 Results 
Three component seismograms -EW, NS and vertical component, respectively- bave 
been computed by WIM for different structural models and hypocentral depths, and a total 
duration of T= 38.4 sec. The time sampling is !:!t= 0.075 sec, and the modeled waveforms are 
accurate up to the maximum frequency of 4.5 Hz. 
First, the effect due to source depth variation was analyzed. The modeling for the CRS l 
model was repeated using source depths of z = 8, lO, 12, 15, 18 km, which cover ali the range of 
hypocentral depths proposed by different authors. The PGA maps (Figure 4.7) display two 
asymmetric lo bes of maximum ground shaking, o ne located at North-W est of the epicenter by 
the Alpago-Cansiglio highlands, and the other located at the South-East around the villages of 
Budoia and Polcenigo. The shape of these lobes is mainly due to the characteristic radiation 
pattern of the source mechanism. Por increasing depths, the two lo bes distances themselves, one 
from the other, and the amplitudes decrease. 
Later, we analyzed the effect due to the variation of the structural mode]. The modeling for all 
models CRS (CRSl, CRS2) and DGT was repeated for all the source depths. Figure 4.8 displays 
the PGA maps obtained for z = 12 km. It comes out that both the distribution and amplitude of 
PGA for crustal models CRS l and CRS2 are very similar to each other. Whereas, in the mode l 
where the surface layer has been specified (DGT) the two lobes of maximum acceleration are 
shifted towards the areas characterized by Quaternary soils and feature larger amplitudes, as an 
amplification effect of the superficiallayer with lower velocity. 
It comes out that the ground motion is influenced more by the presence of superficiallow 
velocity layers than by crustal structure variations due to the uncertainty in the knowledge of the 
regional structure. 
Por the structural model DGT, which is the most detailed since it takes into account, 
although only approximately, the superficial geology, the maxima within the two lobes of 
maximum acceleration are of about 5.7 m/s2 and 5.3 m/s2 for the northern and southern lobe, 
respectively. Por the same hypocentral depth z = 12 km, we estimate a horizontal peak 
acceleration of about 1.5 rnls2 in Vittorio Veneto. 
Figure 4.9 shows details about the effects of the source depth on the PGA computed for the 
structural models CRS l and DGT at four receivers, i. e. receivers located close to the localities of 
Vittorio Veneto (a), Puos D' Alpago (b), Polcenigo (c) and Ponte nelle Alpi (d). It can be 
observed that the PGA does not decrease with hypocentral depth uniformly, as an effect of the 
change of the receiver position within the complex radiation pattern. W e can also notice that the 
radiation patterns are indeed very different for the two structural models, CRS l and DGT, and 
PGA may vary with hypocentral depth in a very different way at the same receiver. Moreover, 
Figure 4.9 show that the effect of the structural model on PGA is generally larger than that of the 
hypocentral depth. This confrrms the importance of the definition of the structural model in 
accurate strong ground motion evaluation. 
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2 
Figure 4.7 PGA values obtained for the CRS1 structura1 model using different hypocentral 
deptbs (from top to bottom: 8, 12 and 18 km). Left and right panels show the horizontal and 
vertical components, respectively. 
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Figure 4.8 The PGA values obtained for model CRSl (top), CRS2 (middle), and DGT 
(bottom), respectively. Models CRSl and CRS2 feature a rock surface layer, while mode) DGT 
feature a stiff soil surface layer. The hypocentral depth is 12km. Left and right panels show 
horizontal and vertical components, respectively. 
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Figure 4.9 The PGA (horizontal component) versus hypocentral depth at four receivers: (a) 
Vittorio Veneto, n. 111; (b) Puos D' Alpago, n. 260; (c) Polcenigo, n. 138; and (d) Ponte nelle Alpi n. 
300. The continuous and dashed lines referto structural models CRS1 and DGT, respectively. 
4.3 Extended source analysis 
At relatively short source-receiver distance, 1.e. when the size of the earthquake source 
cannot be neglected, the source finiteness has a strong influence on the ground motion and 
rupture propagation along finite fault must be simulated. In addition, there is no way to know in 
advance details about how the earthquake will show up in the future. For instance, slip 
distribution and nucleation point will vary even for two earthquakes associated to the same fault. 
Therefore, to build up a ground shaking scenario a large number of different source descriptions 
must be considered to take into account the input variability properly. With extended source 
models, the effects on the ground motion due to source finiteness, slip distribution as well as 
those due to the rupture propagation along the fault segment are evaluated. 
The modeling is performed using the EXWIM method (see Chapter 2). This kind of 
simulation is much more expensive than the point source modeling, even for what concerns the 
size of the output results. For this reason, only one structural model has been considered, i. e. the 
DGT model, and those parameters which are more tightly related to the specific seismogenic 
structure (fault geometry and source depth) bave been fixed. On the other band, the input 
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parameters wbicb are considered aleatory bave been varied, sucb as seismic moment distribution 
and location of tbe nucleation point. 
4.3.1 Source parameterization 
Tbe extended source of tbe M=5.8 event bas been modeled witb a rectangular segment witb 
size 9 km x 5.5 km (Wells and Coppersmitb, 1994), NW dipping and extending in deptb from 10 
to 14 km (Figure 4.10). Tbe fault mechanism is tbe same of tbose assumed for tbe point source 
model (Table 4.1). 
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Figure 4.10 Map showing the study area, the receives location and the fault geometry 
In order to build an exbaustive input set of possible fault rupture scenarios, tbree different 
k-2 seismic moment distributions M1, M2 and M3 bave been defmed, and a large number (160) 
of nucleation points regularly distributed along tbe fault piane bave been considered for eacb 
moment distribution (Figure 4.11). The seismic moment distribution selected for tbe scenario 
simulations represents different possible rupture situations. For instance, the seismic moment 
distribution model M1 features a seismic moment spread along the wbole fault; M2 a centrai 
dominant asperity; and M3 small patcbes with steep flanks. Tbe rupture propagates from tbe 
nucleation point on tbe fault piane witb constant velocity VR = 0.8 Vs. Tbe 160 nucleation points 
are sbown in Figure 4.1ld. 
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Figure 4.11 Seismic moment distribution characterized by: a) seismic moment spread 
irregularly along the whole fault- model Ml; b) large centrai asperity- model M2; c) several small 
asperities - model M3. The black dots in panel d) indicate the nucleation point locations. 
4.3.2 Structural model parameterization 
The structural model assumed in this simulation is that denominated DGT and described in 
Section 4.l(Figure 4.4). This model associates specific crustal structures to different sub-regions 
of the study area and takes into account (in a simplified way) the presence of quaternary deposits 
and elevation at each receiver. 
4.3.3 Modeling procedure 
The modeling is performed using the EXWIM, a stochastic-deterministic method (described 
in Chapter 2) by which synthetic seismograms are obtained as a sum of deterministic low-
frequency complete seismograms and a stochastic high frequency contribution. 
For the low frequency part of the synthetic seismograms, the maximum computational 
frequency of Green' s functions was set at 3.5 Hz, and the fault surface was discretised by a 91 x 
55 (=5005) grid of elementary point sources. The low frequency point source seismograms have 
been scaled according to the three given seisrnic moment distributions and each point source 
contribution has been summed and synchronized in time, simulating tbe propagation of tbe 
rupture from each of the 160 nucleation points. The high frequency stochastic contribution was 
added to the fmal seismogram up to a maximum frequency of about 13 Hz. The deterministic-
stochastic cross-over band has been set at 2-3 Hz. The final seismograms are characterized by a 
sampling /j.t = 0.0375 sec (corresponding to fmax = 13.3 Hz) and a total duration T = 19.2 sec. 
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4.3.4 Results 
The ground shaking scenarios are displayed in terms of peak ground acceleration 
distribution in the study area. Figure 4.12 shows the maps of the average and average plus the 
first standard deviation PGA computed for ali seismic moment distributions and nucleation 
points (a total of 480 realizations). Both maps display a strong lobe South of the source, with the 
maximum values (about 450 crn/s2 for the mean) located close of Polcenigo. On the other hand, 
the lobe of maximum acceleration displayed by the point source simulations and located North 
of the epicenter (Figure 4.8), is strongly reduced. We wish to remind the reader here that the 
scenario of Figure 4.12 represents the average of several independent scenarios and does not 
represent the ground shaking distribution of a single event. In this sense, the two scenarios of 
Figure 4.12 and Figure 4.8 should not be compared directly. Going back again to Figure 4.12, the 
maximum PGA values of the mean scenario are located south of Polcenigo, and it reaches values 
of about 450 crn/s2• 
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Figure 4.12 Peak ground acceleration maps for the October 14, 1936, M=5.8, Cansiglio event. 
Horizontal component. Mean (a) and mean +sd (b) scenarios. Note the different range of the color 
scales between the two panels 
Figure 4.13 shows the PGA scenario value predicted for Vittorio Veneto (i.e. the mean, the 
mean plus the first standard deviation, and the maximum, respectively). The expectation value of 
the PGA at this site is about 60 crn/s2 and 30 crnfs2 for the horizontal and vertical components, 
respectively. Nevertheless, values of up to three times the average PGA, still have a large 
probability of occurrence. 
In Figure 4.14 the PGA values obtained at Vittorio Veneto for each of the 160 nucleation 
points and for the seismic moment distribution M3 are mapped on the source surface. On the 
source surface are also marked the two nucleation points from which the rupture front propagates 
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toward (circle mark, forward directivity) or away (cross mark, backward directivity) from the 
observation site: they correspond to those which produce the highest and lowest PGA 
respectively. Figure 4.15 and Figure 4.16 show the synthetic seismograms (displacements, 
velocity and accelerations of the NS, EW and vertical components) computed at Vittorio Veneto 
for the two extreme cases considered. It can be observed how the direction of the rupture 
propagation strongly influences both amplitude and duration of the estimated ground motion: 
seismograms obtained from forward directivity rupture display high amplitude and short duration 
(Figure 4.15), while those obtained from backward directivity rupture are cbaracterized by low 











Figure 4.13 Peak ground acceleration values estimated for Vittorio Veneto. 
200 250 300 350 
Figure 4.14 The PGA values at Vittorio Veneto computed for seismic moment distribution M3 
and each of the 160 nucleation points. NS component. The white circle and the cross marks indicate 
tbe nucleation points for which the rupture is directive and antidirective, respectively. 
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Figure 4.15 Syntbetic seismograms computed at the Vittorio Veneto receiver for directive 
rupture propagation (nucleation point indicated by tbe white circle mark in Figure 4.14). From top 
to bottom: displacements, velocity and accelerations. From left to right: EW, NS and vertical 
components. 
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Figure 4.16 Same as Figure 4.15, but for antidirective rupture propagation (nucleation point 
indicated by tbe white cross mask in Figure 4.14). 
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The family PGA scenario values features, in generai, a nearly log-normal shape. As an 
example, the distribution obtained at the Vittorio Veneto receiver is shown in Figure 4.17. 
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Figure 4.17 Histogram of PGA scenario values (cm/s2) for different scenarios at Vittorio 
Veneto receiver 
Figure 4.18 shows the PGA maps obtained, fora given seismic moment distribution, by six 
different nucleation points, three with up-dip (nucleations n. 10, 80 and 169), two with down-dip 
(nucleations n. l and 151) and one with a centrai (nucleations n. 75) rupture direction. Note how 
dramatically the lobe of maximum changes its position and magnitude, as the nucleation point 
changes its position. Owing to the oblique fault mechanism assumed (Ò=52°, À=41 °), the 
maximum effects of rupture directivity show up in up-dip areas, and in particular when the 
directivity is aligned with the rake direction, i.e. toward South (nucleation points n. 10 and 80 in 
Figure 4.18). 
Among the 480 cases computed for the scenario, I tried to fmd out which one fits at the best 
the macroseismic field observed for the October, 18, 1936 Cansiglio event. To this aim, I first 
converted the observed MSK field (Monachesi and Stucchi, 1997) into PGA values with the 
empirica! relation given by Rebez (2004): 
l = 1.63 + 5.1Log(PGA) ( 4.2) 
The PGA synthetic values were interpolated on tbe locations where the macroseismic field 
was defined and the residuals between the syntbetic and the 'observed' field have been 
estimated. The scenario that minimizes the residuals and seems to be more compatible with the 
macroseismic observations is shown in Figure 4.19. This scenario corresponds t o a bilateral 
down-dip rupture propagation, with the nucleation point located in the shallow part of the fault 
area, and produces relatively higher PGA values north of the fault area. The fit can be considered 
a quite good result, since it has been obtained with no knowledge of the seismic moment 
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distribution during the Cansiglio event. Since the aim of this work was not that of reproducing 
the October, 18, 1936 earthquake, the fact tbat some of tbe syntbetic-scenario data set reproduce 
the observed macroseismic field quite well supports the reliability of the performed simulations. 
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Figure 4.18 PGA maps (horizontal component) computed for different nucleation points (white 
circles on the fault piane). The seismic moment distribution is Ml 
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Figure 4.19- Comparison between the best-fitting synthetic scenario (contouring) and the PGA 
field obtained by the macroseismic MSK field (colored circles). 
The huge synthetic data set can be further examined by plotting tbe PGA values distribution 
versus distance. Figure 4.20 shows the PGA values extracted from the seismograms computed at 
all 441 receivers for all the 480 cases (3 seismic moment distributions and 160 nucleation 
points). Here the distance is defined as the distance between the receiver and the fault center (at 
12 km of depth), and therefore it varies from 12 km (site perpendicular to the fault center) to 
about 35 km. Note that tbe maximum PGA values occur at a distance of about 15-20 km and not 
at the minimum distance (12 km). Tbis is mainly due to the combination of source radiation 
pattern and depth. 
In the same figure, the mean and the mean plus/minus the first standard deviation for each 
receiver are represented by black diamonds, crosses and circles, respectively, while the blue lines 
represent the best-fit plus/minus the standard deviation, computed considering the whole 
distribution of values. The large variability can be noticed: the differences between minimum 
and maximum values reacb three orders of magnitude, at some distances. 
Figure 4.20 also compares the synthetic attenuation curves, obtained in this study (blue lines), to 
some classica! empirica] prediction laws, such as the attenuation curve by Ambraseys et al. 
(1996) and the curve obtained by Bragato and Slejko (2004) for tbe South-Eastern Alps. The 
mean attenuation predicted by this study underestimates the empirica] attenuation lines 
considered. While the empirica] curve by Ambraseys et al. ( 1996) (magenta) falls within the 
mean and the mean plus first standard deviation predicted by this study, tbe empirica] PGA 
predictions of Bragato an d Slejko (2004) (red) fit the mean PGA plus the first standard deviation 
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of this study. The curves predicted by this study feature a decay with distance very similar to that 
estimated for the Eastern Alps (Bragato and Slejko, 2004 ), while the decay estimated by 
Ambraseys et al. (1996) is much lower. 
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Figure 4.20 Attenuation of the PGA values computed in this study (complete synthetic dataset, 
horizontal components) versus the hypocentral distance. Diamonds, plus symbol and circles 
represent the mean value at each receiver plus/minus the first standard deviation. Blue lines: best-
fit obtained considering the whole data set. The thick and thin lines represent the mean and the 
mean plus/minus the first standard deviation, respectively. Red an d magenta li ne: attenuation 
curve estimated by the empirica] laws of Bragato an d Slejko (2004) and Ambraseys et al. (1996), 
respectively. 
In conclusion, we would like to remark that the synthetic simulations- unlike probabilistic 
approaches - pro vide scenarios that are rich of information but are also strongly dependent o n the 
input parameters, such as seismic moment distribution, fault size and rupture nucleation point. 
The spatial variability exhibited by this kind of scenario is also strongly dependent on strike-
receiver azimuth as can be seen in Figure 4.18. The importance of giving adeguate constraints on 
the source parameterization, in order to obtain a reliable prediction of the ground motion, 
appears. 
4.4 Scenario of the hypothetical M=6.7 Montello event 
The Montello-Conegliano thrust represents the potentially strongest seismogenic structure 
known for the area. Recent studies have estimated in about 30 krn x 15 km the size of this 
seismogenic structure, and therefore ha ve estimated for it a maximum earthquake of magnitude 
not exceeding M=6.8. The scenario obtained for this reference source with magnitude M=6.7 
should represent therefore the most severe ground motion expected for the study area. The study 
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area (Figure 4.21) is a square with a side of 35 km centered on the epicenter of the reference 
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Figure 4.21 Ma p showing the study area, the receivers location an d the fault geometry. The 
sub-regions corresponding to the three different structural models are shown 
4.4.1 Source and structural model parameterization 
The size of the Montello fault plane bave been estimated m a 15 km x 30 km area, 
corresponding to a magnitude M= 6.7 (Wells and Coppershmith, 1994). The fault mechanism is 
assumed t o be mainly reverse ( tjJ = 240°, 8 = 30°, A.= 11 0°). The fault dips towards NW from a 3 
km to an about 12 km depth (Figure 4.22). 
Similarly to the simulations performed for the October 18, 1936 M=5.8 Cansiglio, event 
different structural models bave been adopted for receivers located in the areas corresponding to 
the different structural elements, considering also the surface geology. Using tbe information 
provided by the two geologica} sections available for tbe study area (i. e. sections A-A' and B-B ', 
respectively, in Figure 4.21), two main structural (piane layer) models bave been defmed for the 
areas north and south of tbe Bassano-Valdobbiadene line (i. e. models m and p 1-p2, respectively, 
in Figure 4.21). Figure 4.22-Figure 4.24 show the two geologica} sections in detail as well as the 
vertical velocity profile of tbe two models. Models p l and p2 (Figure 4.23) differ only for tbe 
tbickness of tbe Quatemary soils surface layer, wbicb is 50 and 150 meters, respectively. This 
layer is characterized by the shear wave velocity of 1.1 krnls. Moreover, in tbe 'mountain' area 
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'm', two similar models bave been defined but witb two different topograpbic levels, i.e. 500 and 
1000 meters. 
Three different seismic moment distributions and a grid of 338 nucleation points (Figure 
4.25) bave been considered far tbe extended source model in arder to build an exhaustive set of 
possible scenarios. Also in tbis case, the rupture propagates on the fault plane with constant 
velocity VR = 0.8 Vs . 
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Figure 4.23 Geological section B-B' used in the definition of the three plane-layer models 
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Figure 4.24 Vertical proflle of the velocity for the Montello structural models. The solid and 
dashed lines of velocity and attenuation represent P and S waves values, respectively. 
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Figure 4.25 Seismic moment distributions. In panel d the black dots indicate the nucleation 
point locations 
4.4.2 Modeling procedure 
The modeling procedure is very similar to that used for modeling the Cansiglio events, i.e., 
seismograms are obtained by the hybrid stochastic-deterministic EXWIM technique. 
Nevertheless, the overall computational efficiency has been improved through the use of 
harmonic interpolation (shortly described in Chapter 2). In this way, the number of basic 
seismograms was reduced from about 12.000 to about 3.000. Deterministic seismograms were 
computed up to 3 Hz, and the stochastic contribution was added to the maximum frequency of 
13.3 Hz, with the cross-over band of the deterministic-stochastic transition set at 2.0-3.0 Hz. 
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4.4.3 Results 
Figure 4.26 shows the mean PGA estimated taking into account all se1smic moment 
distributions and nucleation points. Tbe maximum values are obtained in the area corresponding 
to the outcropping of the fault plane, around the villages of Santa Lucia di Piave and Mareno di 
Piave, where the expected PGA reaches (mean) values as high as 0.7 g. 
Tbe statistics of the PGA values estimated at the Vittorio Veneto site for both the horizontal 
and vertical components are plotted in Figure 4.27. The expectation values of the PGA in this 
site are of about 250 cm/s2 and 120 cm/s2 for the borizontal and vertical components, 
respectively. 
Figure 4.28 shows the seismograms computed at tbe Vittorio Veneto site for a bi-latera! 
propagation. 
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Figure 4.26 Scenario of the mean peak-ground acceleration fora hypothetical M=6.7 Montello 
earthquake. Horizontal (left) and vertical (right) component 
• • max/min • me an 
10' c +1- sd 





10° '-------~L__ __ _____ ____. _ _ _ _ __, 
Figure 4.27 Peak-ground acceleration values estimated for Vittorio Veneto. 
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Figure 4.28 Synthetic seismograms computed at Vittorio Veneto receiver for bi-latera] rupture 
propagation. From top to botto m: displacement, velocity and acceleration. From left to right: EW, 
NS and vertical components 
Similarly to what was previously observed for the scenario of the Cansiglio earthquake, a 
strong effect of rupture directivity can be observed also for the scenario of the Montello 
earthquake. Figure 4.29 shows the PGA maps obtained for one seisrnic moment distribution by 
six different nucleation points. For three of them the rupture direction is up-dip (nucleations n. 
25, 168 and 324), for two is down-dip (nucleations n. 15 and 314) and for one is centrai 
(nucleations n. 164). Note that, differently to the Cansiglio simulations, in this case the area of 
maximum ground shaking is concentrated along the intersection of the continuation of the fault 
plane with the surface and moves along it as the nucleation point moves from one side of the 
fault plane to the other. For what concern the directivity effects, the main difference between the 
simulations of Cansiglio and Montello is due to the change of the focal mechanism (oblique for 
the Cansiglio, and nearly pure reverse for the Montello, respectively) and the source depth. 
These differences confirm the importance of correctly assessing the source parameters in order to 
obtain reliable earthquake scenarios. 
The plot of the synthetic PGA values distribution versus hypocentral distance is shown in 
Figure 4.30. The considered distance, defined as the distance between the receiver and the fault 
center (at 7.5 km of depth), varies from 7.5 km (site perpendicular to the fault center) to about 26 
km. As in the Cansiglio scenarios case, the maximum PGA values occur between 15 and 20 km 
rather than at the minimum distance. The comparison of the synthetic attenuation curves with the 
empirica} attenuation curves by Ambraseys et al. (1996) and Bragato and Slejko (2004), 
respectively, shows that the frrst (magenta line) slightly underestimates the mean attenuation 
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predicted by this study, while the second (red line) nearly fits the mean PGA plus the frrst 
standard deviation. The decay with distance of the synthetic attenuation curves is a little larger 
that that displayed by the two empiricallaws. The same large variability already observed for the 
M=5.8 Cansiglio event scenarios can be noticed. 
Figure 4.29 PGA maps (horizontal component) computed for different nucleation points (wbite 
circles on tbe fault piane) 
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Figure 4.30 Attenuation of the PGA values computed in this study (compJete synthetic data-
set, horizontaJ components) versus the hypocentral distance. Other details as in Figure 4.20 
4.5 Outcomes of the deterministic ground motion scenarios 
The assessment of a deterministic ground motion scenario has several possible outcomes. 
The mean (PGA) ground motion scenarios obtained in this study for two reference earthquakes, 
the Cansiglio and Montello events (Figure 4.12 and Figure 4.26, respectively), bave been used 
by the task-project 'Urban Vulnerability' to produce the damage scenarios, expressed in number 
of collapsed and unusable buildings evaluated at census section level. The damage scenarios 
cover all the municipalities of the affected area (Bernardini, 2004). 
Other possible outcomes of this kind of simulation are for instance, the exploitation of the 
huge dataset of synthetic seismograms in the estimation of upper bounds of the empirica} 
attenuation laws, thus by filling the gaps -especially tbe near fault area- in the present database of 
recorded strong ground motions. 
Since the computed waveforms are evaluated by considering tbe available knowledge of the 
local seismogenetic structures and geology, they represent extremely valuable additional 
information for the earthquake proof design of sensitive infrastructures in the area (hospitals, 
lifelines, etc.). 
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4.6 Validation 
The approach used for the computation of the seismograms, m tbe construction of the 
ground shaking scenarios, has been validated by reproducing tbe waveforms of three recent weak 
(2.7<M<3.2) local events, that bave been recorded by the OGS seismometric network. In the 
following are the results obtained by modeling for the M=3.2 earthquake, occurred near Ponte 




Figure 4.31 The M=3.2, Ponte nelle Alpi event: location and focal mechanism. Red triangles 
show the location of the seismometric stations used for validation. 
In the simulations, it has been assumed a reverse fault mechanism (Bressan, 2001) and tbe 
DGT structural mode! already used for simulations of the Cansiglio event, which takes into 
account the surface geology (described in Figure 4.4). Synthetic seismograms bave been 
computed fora point source mode! -tbe low magnitude fully justifies tbis approximation- by 
the WIM technique, up to a maximum frequency of 4.5 Hz. 
Six stations of the OGS seismometric network located in the study area recorded the M=3.2 
Ponte nelle Alpi earthquake. Figure 4.31 shows wbere they are located. Figure 4.32 compares 
the synthetic seismograms (in blue) with the recorded ones (in red - a low pass filter at 4.5 Hz 
has been applied to the latter waveforms). Only the vertical component of the velocity 
seismograms is compared bere, since the borizontal components were not available at ali the 
stations. Although local site conditions were not considered, the synthetic seismograms 
reproduce both arrivai times and amplitudes of the recorded waveforms quite well. Only at tbe 
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station named FAU (located West of the epicenter in Figure 4.31) do we find a noticeable 
underestirnation in the predicted amplitude, which can be due to the neglecting of the local site 
effects. 
Figure 4.33 compares the seismogram recorded at Malnisio station (MLN) to ·the synthetic 
seismograms computed using the structural models CRS l (left) and DGT (right), respectively. I t 
can be clearly seen how the presence of the surface layer in the structural model DGT, tbat 
simulates the presence of the quaternary deposits in a simplified way, results in synthetic 
seismogram much more sirnilar to the recorded signal. These simulations point out tbe 
importance of adopting an appropriate description of the structural model, and in particular of the 
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Figure 4.32 Synthetic seismograms (vertical component) computed (in blue) and recorded (in 
red) at the stations indicated in Figure 4.31. 
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Figure 4.33 Synthetic seismograms (vertical component) computed (in blue) and recorded (in 
red) at the MLN station, using the structural model CRSl (left) and DGT (right). 
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• scenartos a t 
The aim of this work is to estimate a detailed ground shaking scenario for the area of 
Vittorio Veneto and, in particular, to understand the effect of the wave-field propagation througb 
the complex Alpago-Cansiglio geologica] structure on the ground motion. For this purpose 
numerica} simulations have been performed with a 2-D method by considering the October 14, 
1936, M=5.8, Cansig1io event as the reference earthquake. 
The ground shaking was computed with the SPEM 2-D, which so1ves the propagation of the 
seismic field through complex geologica] structures and allows us to estimate the effects of the 
deep crusta1 structure, superficial geology and topography on ground shaking. The method has 
been described in detail in Chapter 2. Numerica! simulations of the seisrnic wave-field 
propagation have been performed along a NE-SW oriented vertical section which crosses the 
earthquake source and the town ofVittorio Veneto (Figure 5.1). 
46' 15' 
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-~DII'IAII\PQNTEDI~-
12' 00' km 12' 30' 
o 7.5 15 
Figure 5.1 Ma p of the study area showing the location of the transect (red li ne). The epicenter 
of the October 14, 1936, M=S.8, Cansiglio event is indicated by a red star. 
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The ground motion has been simulated along two detailed transects crossing the town at 
different Jocations. These two transects share the same structural model, and differ only in the 
superficial geology and topography in the part corresponding to where the town is. The first 
version (Tl) reproduces a section across the center of Vittorio Veneto directly south of 
Serravalle (i.e., the area of expansion of the city) while the second one (T2) passes across the 
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Figure 5.2 Location of the detailed transects Tl an d T2 crossing the Vittorio Veneto center. 
The red circle indicates the site of S. Andrea di Bigonzo. 
s.1 Structural model and source parameterization 
The two mode led transects T l an d T2 share the same crustal mode l an d specify the local 
superficial geologica! structure and topography in detail. The construction of geologica! models 
was carried out with the contribution of the geologists of the University of Udine (M.E. Poli). 
The geologica! section of Figure 5.3 has been used for tbe defmition of the computational mode] 
and the characterization of the lithology and geometry of the sedimentary cover through the 
Vittorio Veneto for the two detailed transects. 
The computational model is a domain defined on a vertical piane. The domain is subdivided 
in non overlapping sub-domains (unstructured grid) which reproduce rock formations and soil 
layers witb homogenous physical properties: seismic body wave velocities (Vp and Vs), density 
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(p) and anelastic attenuation (through the quality factor Q). Figure 5.4 shows the sub-domains 
into which the structural mode! has been divided, while the sub-domains that define the area of 
Vittorio Veneto along the two transects Tl and T2 are shown in Figure 5.5 and Figure 5.6, 
respectively. Transect T1 crosses the area of current expansion of the town and is characterized 
by alluvial and glacial deposits about seventy meters thick, with the presence of local lenses of 
sand and conglomerates which are not reproduced in the mode!. On the other band, the main 
feature of the shallow structure of transect T2, which goes through center of Vittorio Veneto, is a 
low-velocity, shallow layer of clay, about lO m thick, lying on a gravely-sand body made by 
alluvial and glacial deposits. Severa] constraints to the shallow structure of transect T2 and the 
value of the materia! parameters (e.g. Vs)came from the results of a 80 m down-hole drilled at 
'Sant'Andrea di Bigonzo' si te (Poli, 2004). The location of this site is shown in Figure 5.2. 
·- ·~ · -·;.....J . 





Figure 5.3 Geologica] section used for the construction of the computational model 
The first step of the SPEM procedure is the generation of the 2D mesh. The mesh is made 
up of irregular quadrangles with shape that adapts to the interface geometry. The mesh size 
varies locally according to the wave velocity. Figure 5.7 shows the mesh used for the simulation 
of transect T l. The mesh consists approximately of 2700 quadrangles and l 0.000 nodes, and the 
size of the elements is set to compute the propagation of waves with maximum frequency of 
about 5.5 Hz with numerica! accuracy. Since higher values of the resonant frequency are 
possible within the valley as well, I decided to reduce the size of the mesh elements for tbe 
simuJations to be perfonned with transect T2 in order to increase the maximum frequency up to 
lO Hz. 
The source is simulated through a point shear dislocation. The source time history is 
obtained as a summation of two pulses, that take into account the rupture duration along the 
whole fault and the duration of a dominant asperity (see section 2.5.3 for more detail). The 
amplitude of the computed wave field is scaled by the value of the average slip at the source. W e 
have estimated a value of D = 21 cm and Dasp = 42 cm for the average slip associated to the 
whole fault segment and asperity, respectively. 
300 
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Figure 5.4 ComputationaJ model of the modeled transect. Different colors indicate regions 
characterized by homogeneous properties inside. The physicaJ properties of each region are 
indicated in Table 5.1 
V p (m/sec) Vs (m/sec) p (gr/m3) Q(s-1) 
3200 1850 120 
4000 23 10 2300 120 
4500 2600 
4000 23 10 
AVV Arenaria di 3200 
3000 
4000 
3500 2020 2100 150 
4000 23 10 23 120 
3470 2600 200 
6500 3760 2700 230 
5500 160 
6000 200 
Table 5.1 PhysicaJ properties of the rock materials that defme the 2-D transect of Figure 5.4 
Abbrev. V p Vs p (gr/m~ Q (s-1) 
(m/sec) (m/sec) 
Q21 1800 900 1900 80 
Q22 2400 1400 2000 100 
Q23 3000 1700 2100 100 
Figure 5.5 Detailed structure defmed for the sedimentary basin of Vittorio Veneto along 
transect TI. Dimensions are in meters. 
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200 
Abbrev. V p Vs p (gr/m-1 Q(s-•) 
(m/sec) (rnlsec) 
Q22 550 300 1900 50 
100 023 
Q23 2000 1000 2000 80 
AW 
0~~~~------~1oooo~~------1~oooo~------~11ooo 
Figure 5.6 Same asFigure 5.5, but for transect T2 
Figure 5.7 The spectral element mesh for transect Tl. 
5.2 Results 
Mode] Tl. The results of the simulations far transect T l ha ve been analyzed using snapshots 
of the wave field propagation as well as complete synthetic waveforrns at the model surface, 
with particular emphasis far the Vittorio Veneto area. 
The synthetic acceleration seismograms extracted at the surface, with receiver inter-spacing 
of 100 meters, are plotted in Figure 5.8 far the radiai (P-SV) and transversal (SH) components, 
respectively. The town of Vittorio Veneto is located between abscissas 9500 m and 10600 m. In 
spite of the rather complex waveforrn pattern, both P and S direct arrivals can be clearly 
recognized, the arrivai tirnes of about 1.3 s and 2.0 s, respectively. Surface waves can also be 
identified: they are generated by either the impact at the surface of the direct wave field 
vertically to the source (at abscissa of about 24 km, which corresponds to the Cansiglio region) 
or the topographical relief corresponding to the Cansiglio escarpment, at abscissa of about 15 
km. Note that the surface wave velocity varies across the mode] according to the S-wave velocity 
of the different lithologies. In particular, the velocity is larger along the Cansiglio structural unit 
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for x~ 16 km (unit PCF, with Vs=3470 m/s, in Figure 5.4), while it is lower toward South-West 
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Figure 5.8 Acceleration seismograms record ed a t the surface of transect Tl. Radiai (left panel) 
and transversal (right panel) components. Coordinates correspond to those of the structural model 
specified in Figure 5.4. 
A more complete interpretation can be made by examining the sequence of the wave-field 
acceleration snapshots of Figure 5.9. Note that each front is doubled because of the source-time 
function hape, featuring two peaks. Here, we can easily identify the direct P and S wave fronts, 
the head waves, the wave conversions generated at structure interfaces, and the surface waves 
which propagate along the surface. Note in particular: l) The P and the S wave fronts emerge, 
with maximum amplitude, ·to the SW and above the source position, respectively; 2) another 
large amplitude S-wave runs towards SW (T=1.525 and T=2.275 sec), is deviated upward by 
structural effects (T= 3.025 sec), and reaches the surface at x<l5000 m (this secondary S wave 
front i well visible in Figure 5.8, right panel); and 3) the complexity of the wave-field through 
the Montello structural uni t as an effect of the multilayered structure. 
Figure 5.10 shows the distribution of the PGA (a1l components) at the transect surface. We 
can clearly distinguish three areas of large amplitude. The largest value occur at the surface of 
the Cansiglio structural unit (20 km $ x $ 24 km, in Figure 5.4), right above the source position, 
and are due to the arrivai of the direct SV wave-front. Note that the vertical component has a 
minimum in this area. A second area is situated at the abscissa between 12.5 km and 15 km. lt 
again corresponds to the arrivai of the second direct SV wave-front deviated by the geologica! 
structure. The third area corresponds to the Vittorio Veneto basin (9.5 km $x $ 10.5 km). Here, 
the large amplitudes are a site effect generated by tbe seisrnic energy trapped within tbe low 
velocity quatemary deposits. 
The values of PGA predicted for the radiai , transversal and vertical components are about 
0.3, 0.45 and 0.2 m/s2 at Vittorio Veneto and 0.65, 0.4 and 0.2 m/ 2 in the area of maximum 
ground motion (x=23 km), respectively. 
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Figure 5.9 Snapshots of the acceleration wave-field (amplitude) simulated for transect Tl at 
different propagation times. A t model boundary the wave-field is attenuated by the presence of 
absorbing strips. Note that each wave-front is made by a double pulse, as a result of the shape of 
the source time history. 
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Figure 5.9.- continued 
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The combined effect of the source radiation pattern and the wave-field propagation through 
the geologica} structure, strongly influences the ground shaking distribution along the 2-D 
transects. The computations performed indicate that the area of Vittorio Veneto corresponds to a 
zone of relative minimum of the ground motion, thus confmning the indication already provided 
by EXWIM scenarios. However, the PGA distribution obtained with the SPEM 2-D method 
features a local rise at the Vittorio Veneto basin (9.5 k:m ::; x ::; 10.5 k:m), which is caused by 
seisrnic energy trapping within the lower velocity soils of the valley. Thanks to the 2-D 
numerica! wave-field propagation simulation, we are able to estimate this relevant site effect in 
the evaluation of the expected ground motion at Vittorio Veneto. 
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Figure 5.10 Distribution of PGA at the surface of transect T l. Blue, green and red indicate, 
radiai, transversal, and vertical components, respectively 
Figure 5.11 shows a sample of synthetic seismograms computed at the West edge and in the 
middle of the Vittorio Veneto basin (x=9.5 and 10 k:m, respectively). The presence of multiple 
reflections, due to the wave-field trapped in the shallow deposits can be clearly distinguished. 
The same figure displays the ratios between the amplitude spectra of the horizontal and the 
vertical component (HVSR) of the coda of the computed seismograms. The HVSR approach is 
usually adopted for the investigation of the seismic response of a site (this technique applied to 
seismic noise measurements will be explained in detail in the next chapter). The procedure used 
for estimating the HVSR from seismograms is similar to that used for seismic noise, except for 
the fact tbat only l time window is considered, thus resulting in less smooth HVSR curves. The 
HVSR obtained from the synthetic seismograms show some multiple peaks. For the site located 
at the W est edge of the basin, the highest peak is at a frequency of about 4Hz, while for the one 
located at the middle of the basin some lower frequency peaks (i.e. at 0.8 and 1.5 Hz) can be 
seen. The resonant frequency of 4 Hz can be probably associated to the response of the basin, i.e. 
to tbe impedance contrast between soils and underlying bedrock, while the lower frequencies are 
associated to deeper impedance contrasts. The results of the microzonation study recently 
delivered indicate quite high values of the resonant frequency of the Quatemary deposits 
characterizing the valley (i.e. usually larger than 6 Hz). It tums out that the 2-D simulation 
performed considering a maximum frequency of 5 Hz misses some features of the local 
response. Therefore, the numerica} simulation conceming the transect T2 has been performed 
using a finer mesh to take into account frequencies of up to l O Hz. 







Figure 5.11 The synthetic seismograms (acceleration) computed for transect Tl a t sites 
x=9500m (left) and x=lOOOOm (right), located within the Vittorio Veneto basin. From top to 
bottom: radiai, transversal and vertical component. Bottom: the corresponding HVSR. 
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Model T2. The results of the sirnulation performed for transect T2 point out the site 
response of the Quaternary deposits that characterize the center of Vittorio Veneto. The basin is 
about 1000 m wide, has a maximum thickness of about 90 m and has an average shear wave 
velocity of about 1000 rn/s, except for the most superficial clay layer. The effect of the 
superficial soils on both the duration and amplitude of the ground motion can be clearly detected 
in the accelerograms computed at transect surface and displayed in Figure 5.12. In particular, 
resonance effects with strong amplifications and considerably longer duration of the ground 
shaking can be noticed all throughout the Vittorio Veneto basin (9.5 km ~x~ 10.5 krn). 
Seismograms and associated coda HVSR computed at two sites (x=9.5 and 10 km, 
respectively) of the town center of Vittorio Veneto are displayed in Figure 5.13. It can be seen 
that the trapping of the wave field into the basin alluvial soils is the dominant aspect in the 
dynamic of propagation, and the resulting seismograms feature long durations, ringing effects 
and large amplifications. The differences in the coda HVSR at the two sites suggest that tbe 
modeled si te effects may be due to the combination of severa} causes, such as 1-D resonance and 
edge effects. The first, which is also the most effective, corresponds to the trapping of S waves in 
the superficial alluvial soils (clay layer) modeled by a nearly h=lO meters tbick layer with shear 
wave velocity Vs= 300 mis and featuring a strong impedance contrast with the underlying layer. 
Estimating the resonant frequency of that structure by means of the formula f 0 = v/{h we find 7.5 
Hz, which corresponds to one of the peaks in the coda HVSR displayed in Figure 5.13. The 
ground motion is, however, affected by the trapping of S waves in the whole basin which is 
about 1000 m wide, reaches the maximum thickness of about 90 m and is filled with materials 
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with Vs= 1000 mis, except for the most superficial c1ay layer. Near the edges, the resonance of 
the basin may fa11 just near the resonant frequency of the thin c1ay layer, (multiple peaks in the 
coda HVSR of the signal at the receiver in the western edge of the basin). We can also try to 
explain the longer duration of the signals in the western si te with the trapping of surface waves in 
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Figure 5.12 Accelerograrns recorded at the surface of transect T2. Radiai Oeft panel) and 
transversal (right panel) components. 
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Figure 5.13 Synthetic seismograrns (acceleration) computed at a receiver in the Vittorio 
Veneto basin. From top to bottom: radiai, transversal and vertical component. 
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Figure 5.I4 shows the distribution of the PGA at the transect surface. lt features the same 
three areas of large amplitude already observed for the transect T I, but in this case the largest 
amplitudes are found within the Vittorio Veneto basin (9.5 km ~x~ I0.5 km). Here, the PGA 
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Figure 5.14 Surface distribution of Peak Ground Acceleration. Blue, green and red indicate, 
radiai, transversal, and vertical components, respectively 
We have compared the PGA distribution obtained for both transects TI (Figure 5.10) and 
T2 (Figure 5.14) with that obtained by the WIM point source PGA scenario (Figure 5.15) at 
receivers located approximately along the same transect. I rernind that the two techniques, WIM 
and SPEM 2D, respectively, are deeply different for many aspects, including the source 
definition and the structural model. Althougb the values predicted by WIM display larger PGA 
than those predicted by SPEM-2D, it can be observed that the areas of maximum ground 
shaking, located j ust a bo ve the source position an d a t about abscissa 14 km, as well as the ratio 
between the different components are the same for both methods. Obviously, the WIM 
distribution misses the amplification of the Vittorio Veneto basin. 
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Figure 5.15 Surface distribution of Peak Ground Acceleration obtained by WIM (point source 
approximation) along the same transect. Blue, green and red indicate, radiai, transversal, and 
vertical components, respectively 
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6 Site effect evaluation by ambient • DOlSe 
measurements 
The effects of the local so il conditions on the ground motion (site effects) may significantly 
increase the destructive power of an earthquake. Estimation of the site seismic response is 
therefore an important factor for seismic microzonation studies. 
6.1 Basic concepts 
If we neglect the finiteness of the seismic source, the representation theorem for the ground 
motion can be approximately expressed in the frequency domain as: 
U(f) = S(f) · P(f) · L(f) ( 6.1) 
where U(j) is the spectrum of the ground motion at a given site; S(j) is the source spectrum; 
P(j) is the spectrum of the path response between the site location and source location, which 
describes the effects of the propagation of seismic waves in the crustal structure; and L(j) is the 
site response spectrum that describes the effects of the local site conditions. If site effects are 
present IL(j)l exhibits pronounced peaks. The amplitude of the largest peak is called site 
amplification and the corresponding frequency is the site characteristic frequency. 
Present approaches to site effect evaluation can be either empirica! or theoretical, each has 
its own advantages and limitations. Theoretical methods allow the analysis of the importance of 
different parameters and calculation of results for a large sample of possible input motions. O n 
the other band, such an approach requires both detailed knowledge of the geotechnical-
geological soil properties and sometirnes sophisticated computing methods (the numerica! 
approach presented in Chapter 5 is one of them). The empirica! approach relies, instead, on 
ground motion data recorded at the site, without the a priori knowledge of the soil features. The 
most valuable information about the site seismic response would be a set of strong motion 
records taken simultaneously at the study site and on a rock site nearby. Only rarely such kind of 
data is available. Therefore, most empirica! studies are based on weak ground motion 
measurements, or on ambient noise measurements. 
The most common and classica! empirica! metbod is the Standard Spectral Ratio (SSR), 
which is based on the ratio between the amplitude spectra of the ground motion observed at the 
site of interest andata reference site (Borcherdt, 1970): 
U(f) S(f) ·P( f)· L( f) 
( 6.2) 
U ref (J) S ref (f)· pref (f)· Lref (f) 
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Considering that the source spectrum S(j) as well as the spectrum of the path response P(j) 
are nearly the same for the two signals: S(j)-Sre/J) , P(j)-Prel.f) and assuming that the reference 
site is free of site effects (Lrel.f)-1), the site response function is straightforward: 
L(f) = U(f) . 
U ref (f) 
( 6.3) 
The drawback of the SSR approach consists in the difficulty of fmding a reference site free 
of site effects and located near enough to the site of interest to ensure that differences between 
each site are only due to site conditions, and not to differences in source radiation or travel path. 
Moreover, in low seismicity areas, recording a representative sample of weak-motion records 
may be prohibitive, while the reliability of the SSR applied to ambient noise records is 
questionable. 
An alternative method consists in the single station spectral ratios between the horizontal 
and vertical components (HVSR) of the ambient noise. This technique is comrnonly referred as 
Nakamura's method (Nogoshi and Igarashi, 1970, 1971; Nakamura, 1989). 
6.2 Ambient noise, single station, HVSR technique 
The use of ambient seisrnic noise for site amplification studies has become quite popular in 
recent years because it allows significant reductions in field data acquisition time and costs, it 
does not require an ongoing earthquake sequence, and it does not require the long and 
simultaneous deployment of severa! instruments to produce a proper data set. Moreover 
geophysical site investigations are often almost impossible in urban environments since they 
could require the use of explosives, which is forbidden or strictly regulated. This suggests why 
the HVSR technique is rapidly spreading world-wide, especially in microzonation studies of 
urban areas. 
The nature of ambient seismic noise is twofold (Lermo and Chavez-Garcia, 1993): for long 
periods (usually greater than 2 seconds) they originate from atmospheric perturbations over the 
oceans and are known as microseisms, while for shorter periods they are called microtremors, 
and consist mainly of Rayleigh waves excited locally by human activity (traffic disturbances 
etc.). 
The HVSR method was first introduced by Nogoshi and Igarashi (1971) but popularized in 
the international community by Nakamura (1989). The scientific community generally agree on 
the fact that, on soft soil sites, the ratio between the horizontal and vertical spectral components 
of ambient noise usually exhibits a clear peak that is well correlated with the fundamental 
resonant frequency. 
Until some years ago, there was no univoca} explanation for its physical basis and the actual 
relevance for site effect estimates was stili to come. The most common interpretation (Lachet 
and Bard, 1994; Konno and Obmachi, 1995; Kudo, 1995, Bard, 1999) linked the HN spectral 
ratio to the ellipticity of the Rayleigh waves, and the most recent studies bave defmitely 
confirmed it (Faeh et al, 2001). This interpretation it is based on the assumption that the vertical 
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component of the ambient noise is dominated by Rayleigh waves, which is reasonable since tbe 
sources of the noise are distributed on the Earth's surface. The ellipticity of the Rayleigh waves 
is frequency dependent and in the fundamental mode exhibits a sharp peak around the 
fundamental frequency f 0 = V) 4h for sites with strong impedance contrast (i.e. beyond about 3 
(Bard, 1999)) between the surface soillayer and the bedrock. The presence of Love waves that 
do not affect the vertical component, strengthens the peak at the fundamental frequency 
observable in the ambient noise HVSR. However, this interpretation does not demonstrate yet 
the relation between the amplitude of the peak in the HVSR and tbe effective site amplification. 
Discussions about the assumptions of the methods are made by Lermo and Chàvez-Garcia 
(1993), Lacbet and Bard (1994), and Mucciarelli (1998). The main conclusion is that the HVSR 
method is reliable in fmding the resonant frequency of tbe site (whenever the soil-bedrock 
impedance contrast exceeds a value of about 2.5-3), whereas it is not reliable in providing the 
level of the amplification. Moreover, the HVSR does not provide an estimate of the entire 
bandwidth over whicb tbe motion is amplified. Finally, there is some debate on the fact that this 
method should provide meaningful results for horizontally-layered media only, and the meaning 
of the results for sites featuring rough topography and/or 2-D or 3-D structure complexity (i. e. in 
the presence of significant lateral heterogeneity) is still to be ascertained. 
In 2001, the three-year SESAME (Site EffectS assessment using AMbient Excitations) 
project focused on this low-cost technique, aiming, through experimental and data processing 
investigations, at clarifying their ability to provide useful, direct or indirect, information for local 
amplification estimates and to clearly assess the stability, robustness, reliability and physical 
meaning of this technique. The proposed work included a theoretical and numerica} part to better 
understand the nature of seismic noise, and to develop validated numerica} tools to simulate 
seismic noise in arbitrary environments. Theoretical, experimental and numerica} results would 
be used to propose user guidelines for the HVSR technique, and corresponding software 
(SESAME, 2001). This is drastically needed at European and world level in order to avoid 
possible misusage of the technique, which is actually the cheapest and convenient technique to 
estimate tbe fundamental frequency of soft deposits. 
6.3 Data acquisition 
The survey of ambient noise measurements was carried out in the urban area of the town of 
Vittorio Veneto and the Ceneda district from December 2002 to January 2004. At frrst, the 
survey was meant involve only the oldest part of the town, namely Serravalle Vecchia (SRV in 
Figure 6.1) and the town-center of Vittorio Veneto (VVC). Later, it was decided to extend tbe 
area of ambient noise measurements southward, to include the district of Ceneda. In fact, in the 
memory of some local inhabitants and according to the historical description of damage 
(L'Azione, 1936), this area underwent severe damage during the earthquake of 1936. The study 
was then aimed at determining possible zones of local, high amplification. 
The noise has been recorded at about 100 different sites along the basin. Figure 6.1 shows 
the location of the seismic noise acquisition sites. 
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Data acquiSitton was performed using two different types of portable seismic stations, 
namely Orion Nanometrics and Mars Lite all equipped with three-component l Hz Lennartz Le-
3C sensors. These sensors bave a flat frequency response between l and 80Hz. Below l Hz, the 
response of the instrument decays by approximately 10 db/octave so that a conservative 
tbreshold for marking the frequency below which the data contain mainly instrumental noise 
(i.e., combined seismograph and sensor self-noise) is 0.5 Hz. At each site, ambient noise 
acquisition lasted for a minimum of twenty minutes of continuous recording time. The sampling 
interval was set to l 00 Hz, guaranteeing reliable spectral estimates up to 30 Hz. The record ed 
noise level was high enough, at ali sites, in a wide frequency range. Much attention was paid to 
avoid, as much as possible, the introduction of near-instrument transient and coherent signals 
(e.g., operator induced) and, whenever possible, the geophone-soil coupling was improved by 
burying the sensor in the ground. To keep track of ali the variables involved (e.g., instrument, 
sensors, time of recording), ali survey operations were accurately logged. 
6.4 Data processing 
As stated before, the procedures for tbe HVSR processing of ambient noise data bave not 
been standardized yet. In the following, the processing procedure used in the present survey for 
computing the HVSR from the ambient noise recordings is described in detail. 
The resulting HVSR consists in an average of the HIV spectral ratio computed on a set of 
running time-windows. A minimum of six running time-windows, for a total length of 20-30 
minutes, was used to determine the mean HVSR. A window length of 180 seconds with a 10% of 
overlap has been used. 
At the pre-processing stage, outliers were manually removed (e.g., near impulsive sources 
caused by cars; trains passing nearby; ... ). For the generic i-th time-window, the signal is 
processed as follows: 
l) DC removal and linear detrending; 
2) 5% cosine tapering; 
3) computing the horizontal component of the motion, as a vector sum of the two horizontal 
components; 
4) cornputing the square root of the power spectral density (PSD) of the horizontal and 
vertical components (H; and V; , respectively); the PSD is computed using methodologies 
designed for the analysis of noisy signals, i.e., Welch's (Welch, 1967) or Burg's methods (Kay 
and Marple, 1981). 
5) computing the {HIV }; = H;N ;ratio (no smoothing is applied); 
6) the average HN and associated error are estimated by the median and standard deviation 
of the {HIV}ifamily, respectively. 
The acquisition and processing procedure adopted in the present ambient n01se HVSR 
survey was validated during a previous study (Priolo et al. 2001) by comparing the results 
obtained with other ambient noise HVSR procedures at common sites in the urban area of 
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Catania. The comparison showed that in generai, the results agree well in the medium frequency 
band 1-12 Hz and the causes of the discrepancies, found in some cases, lie mainly in the 
acquisition procedure rather than in the processing procedure . 
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Figure 6.1 Base map ofthe Vittorio Veneto municipal area showing the location ofthe seismic 
noise acquisition sites 
SITE EFFECf EV ALUATION BY AMBIENT NOISE MEASUREMENTS 




The fin al result consists in the dataset of the HVSR curves estimated from ambient noise at 
about l 00 sites. The investigated frequency band ranges from 0.5 Hz to 22 Hz. The estimated 
ambient noise HVSR curves are plotted in Figure 6.4. The two panels show (top panel) the 
HVSR estimate (thick line) and the same plus/minus the frrst standard deviation (thin lines), and 
(bottom panel) the average power PSD of the horizontal (solid line) and vertical (dashed line) 
components, respectively. 
The amplitude of the ambient noise is generally large, as a result of antropic activities (e.g., 
working equipment, cars, etc). The power spectral densities (PSDs) of the recorded noise do not 
display constant levels with frequency (i.e. , the noise is not white). The standard deviation from 
the mean HVSR at each site is generally low, confirming a generai stability in the HVSR 
measurements. Most sites display clear HVSR peaks, with amplitude values over 10, while only 
a few of them feature a flat response. The large amplitude of the HVSR peaks, usually found 
throughout the area, suggests the presence of a large impedance contrast between the sediment 
coverage, with varying thickness, and the underlying formations (Bard, 1999). In Figure 6.3, the 
peak of the resonance frequency and the corresponding HVSR amplitude value of eacb site are 
represented on the map of the studied area. The color and the size of the circles indicate peak 
frequency and amplitude of the HVSR, respectively. White circles (i.e. in the area of Serravalle) 
indicate sites with very low HIV amplitude or flat response. The peak frequency values bave 
been interpolated in order to visually enhance the geographical distribution. 
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Figure 6.3 HVSR amplitude in the frequency range 0.5-22 Hz. The color and size of the circles 
indicate peak frequency and amplitude of the HVSR, respectively. White circles indicate sites with 
very low HN amplitude or flat response. The value of resonance frequency is also indicated along 
the iso-frequency lines computed by interpolating the peak frequencies. 
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Figure 6.4 HVSR estimated a t a11 measured sites. The name of the si te is indicated at the top of 
each panel. For each site, the top panel represents the HVSR (thick line) plus/minus the frrst 
standard deviation(thin lines), while the bottom panel represents the power spectral density (PSD) 
computed for the horizontaJ (solid line) and verticaJ (dashed line) components. 
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Figure 6.4 continued 
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Figure 6.4 continued 
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Figure 6.4 continued 
The resulting map points out four distinct zones characterized by different resonance 
frequencies. Tbese zones matcb tbe different districts of Vittorio Veneto that bave been defined 
in Chapter 3, namely Serravalle Vecchia (SRV), Vittorio Veneto (VVC), tbe area of expansion 
(VVN) and Ceneda (CEN) quite well. These areas, as shown in Figure 3.4, are characterized by a 
different geologica! substratum. From North to Soutb, the area Nortb of Serravalle (SRV) 
features resonant frequencies in the range 3-5 Hz, while tbe town center (VVC) features higber 
resonance frequencies from 3 to l O Hz. The frequency increases furtber going South. The area 
located in the center of tbe map that corresponds to tbe area of expansion of the town (VVN), 
shows much higher resonant frequencies (10-20 Hz). Finally, in tbe area of Ceneda (CEN) the 
frequency decreases from about 8-9 Hz to very low values of about 1.3 Hz. The lowest 
frequencies are localized in the oldest part, at West, wbere tbe strongest damage was suffered 
during the 1936 Cansiglio eartbquake. 
In Figure 6.5, w e show an example of the ambient noise HVSR estimated in each of the four 
zones: site Z03 for SRV, site Al3 for VVC, sites T05 and D09 for VVN and CEN, respectively. 
Tbe corresponding peak frequency is at 3, 5.4, 14 and 1.4 Hz, respectively. Note the 
considerably high amplitudes associated to the peak frequency that reach values of about 10. 
Nevertheless, it has to be kept in mind that, according to the interpretation that links the site's 
fundamental frequency to the HN polarization of the Rayleigh waves, no straightforward 
relation exists between the HVSR amplitude and the site amplification. 
Tbe mismatcb between ambient noise HVSR peak amplitude and site amplification emerges 
from the comparisons of tbe ambient noise HVSR at Serravalle with those estimated at some 
nearby sites using a reference site and weak earthquake records (Restivo et al., 2003). The 
comparison shows that while the two techniques provided coherent estimates of the resonant 
frequency, the main peak amplitudes often disagree, the ambient noise HVSR peak being usually 
higber than that derived from the classica! spectral ratios. 
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Figure 6.5 HVSR estimated at different sites in the Vittorio Veneto area. Other details as in 
Figure 6.4 
6.6 Correlation with geology 
It has been found of good correlation between the HVSR results and the superficial geology 
of the study area. In tbe following, a concise description of the Quaternary soils, outcropping 
along the Vittorio Veneto basin is given. For the sake of clearness tbese deposits bave been 
grouped into four soil types (Poli, 2004), displayed on the map of Figure 6.6. 
Soil type 1: a prevailing sandy gravelly body (locally with lenses of sand and conglomerates) 
formed by alluvial and glacial deposits. It extensively crops out in the Vittorio Veneto plain, but 
at the base of the surrounding hills, thin fine-grained alluvial and colluvial deposits cover it. This 
sedimentary body is at least seventy metres thick, south of the rock step of Serravalle, but 
becomes thinner and thinner going South. 
Soil type 2: a thin alternation of pelites and sands interbedded with tbin gravely levels. This 
sedimentary body lies on the sandy gravelly body and characterizes the alluvial cones at the 
slope of the reliefs. Its average tbickness is about 10-15 metres. 
Soil type 3: prevailing sands with lenses of lacustrine silts or peat deposits. 
Soil type 4: the "geologica}" bedrock made by tbe Southalpine Molasse. lt deals with a closely 
alternation of hard lithologies such as tbe glauconitic calcarenites of the M. Baldo Fm. and the 
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conglomerates of the Montello Conglomerate and soft lithologies such as the Tarzo Marl and the 
Conegliano complex (marls and sandstones with lenses of conglomerates). 
The HVSR rnap of Figure 6.3 suggests a zonation that is consistent with the layout of the 
different soil types: 
-The SRV area, that lies in the northern part of Serravalle. In this area, the HVSRs feature 
fundarnental frequencies in the range of 3-5 Hz. The geologica! map of Figure 3.4 puts in 
evidence, in this zone, the presence of thin sedirnents (soil type 3), and the available drillings do 
not detect the geologica} bedrock down to 30 m of depth. However, since SRV is located in a 
deep gorge, it cannot be excluded that the peak frequencies extracted by the HVSR are a 
topographic effect, and in particular, correspond to the fundamental mode of vibration of the 
gorge. 
- The VVC area, which corresponds to the Vittorio Veneto town-center, features resonance 
frequencies between 3 and IO Hz. In this area, an overall increase of the fundamental frequency 
from North to South can clearly be acknowledged, with a broad area with ID = 5-6 Hz and a 
relatively small, elongated area of lower frequency (fO = 3-4 Hz) located mainly East of 
Serravalle. In this zone an 80 meter down-hole was performed at the locality named 
'Sant'Andrea di Bigonzo' (this locality is indicated in Figure 5.2). The performed down-ho le 
measurement didn't reach the geologica} bedrock but pointed out the presence of a thick clay 
level in the frrst IO m and, below it, a sequence of fluvial and glacial deposits made of coarse 
gravels (soil type 2). The resulting shear wave velocities are of 200-400 mis and 750-1200 rn!s 
for the clay and gravellevels, respectively. The ambient noise measurements named from Rl to 
R13 were perforrned here(Figure 6.4). For these sites the fundamental frequency ranges from 5.5 
to about 7 Hz, which probably corresponds to the shallow clay layer. This thesis is also 
supported by the results obtained by the detailed ground shaking scenario along transect T2 that 
considered an about IO m thick clay layer in the rnost superficial structure of the basin crossing 
the town-center of Vittorio Veneto and the same locality of Sant'Andrea di Bigonzo. The 
seismograms obtained exhibit an arnplification in the frequency band between 5 and about 7.5 
Hz, as explained in detail in Chapter 5. 
-The VVN area, These sites feature a much higher resonant frequency in a band (10-20Hz) 
of scarce engineering interest. The available geologica} information and stratigraphic data 
(collected locally, at a few points, in order to characterise the lithology and geometry of the 
sedimentary cover (Poli, 2004) show the absence, at the surface, of the thin sediments layer 
which characterize the area northward instead (i.e. VVC). In this area, the coarse alluvial 
deposits (soil type l) outcrop, and the basin is infilled by a gravely body of alluvial and glacial 
origin, while the geometry of the rock substratum is almost hypothetical because it is deduced 
frorn the well stratigraphies. In this case the observed high HVSR fundamental frequencies could 
be explained by both an increase of the shear wave velocity and the thinning of the upperrnost 
levels (supposing, for example, a rise of the bedrock - the contact of the fluvial-glacial 
sediments with the underlying formation- at about a 50 m depth). 
- The CEN area, corresponding to Ceneda. Here, frequencies decreasing from about 8-9 Hz 
to 1.3 Hz going west are found. The area of the lowest frequencies (i. e. 1.3-1.4 Hz, in the map of 
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Figure 6.3) well matches the area that suffered the strongest damage during the 1936 Cansiglio 
earthquak:e. At present, this area lacks any information on the e1astic parameters of the soils. The 
available geologica! data show up the presence of a clay lens expanding from the west, eastward, 
with a thickness of about 20 rneters (soil type 2). This 1ens was originated by the lateral Cervada 
creek (Figure 6.6 and Figure 3.5, cross section d) and extinguishes in some hundred meters 
eastward. It seems reasonable that the presence of this structure explains this low resonance 
frequency zone. The surrounding zone, i.e. tbat characterized by frequencies between 4.5 to 11 
Hz, is characterized by an underlying structure sirnilar to VVN (soil type 1), although with an 
increasing depth of the geologica! bedrock to about 60-70 meters. 
SRV: Serravalle; 
VVC: Vittorio Veneto centre; 
VVN: Vittorio Veneto modern city; 
CEN: Ceneda. 
Red numbers referto standard type-soils: 
1: sandy-gravel body, locally with lenses of 
sands and conglomerates. 70-40 m in 
thickness; 
2: closely alternation of silt and clay 
interbedded with gravely levels. 1 0-15 m in 
thickness; 
3: prevailing sands with lenses of lacustrine 
silts or peat deposits. 20-30 m in thickness. 
Figure 6.6 Geo-Iithological ma p of the Vittorio Veneto area, showing the location of the 
different soil types. Other details as in Figure 3.4 
6.7 Application of the ambient noise HVSR to the microzonation of town of 
Vittorio Veneto 
The ambient noise HVSR study performed in this work, along with the information 
provided by other geophysical surveys performed by the task-project "Site effects in the test site 
of Serravalle and Ceneda and rnicrozonation of Vittorio Veneto" (Poli, 2004), bave been used to 
build the microzonation map of the town of Vittorio Veneto. The additional geophysical studies 
performed locally in the urban area of Vittorio Veneto were: l) shallow seismic refraction with 
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the aim of perforrning a shear wave velocity profiling based on the inversion of surface waves 
(Priolo et al., 2004) and 2) the estimation of site effects from reference site spectral ratios of 
weak earthquakes (Restivo et al., 2003). In the following, the methodology and the main results 
of the rnicrozonation are briefly described. 
The basic steps in the rnicrozonation of a given area consist in the identification of the 
specific zones characterized by different soil types and assignation to each of an elastic response 
spectrum. The different soil types that characterize the Vittorio Veneto basin are described in the 
previous section and in Figure 6.6. 
In order to assign the elastic response to each soil type, the criteria defined by Eurocode 
(EC8, 2002)were adopted. In particular, the EC8 classifies the soils into :five basic group types 
(A-E), plus two particular types (S1 and S2) for which special investigation is required. EC8 
recommends the use of two types of elastic spectra, depending on the magnitude (Ms) of the 
earthquake that contributes mostly to the probabilistic hazard of the site, (i.e. Type l if Ms > 5.5 
and Type 2 if Ms ~ 5.5). 
To define the soil factor values for the whole area we proceeded as follows: 
l. Defmition of the ground classes that are present within the study area and 
assignation of the maximum soil factor value (Smax), according to Eurocode8. 
2. Estirnation of the amplification coefficient (Sa) from earthquake and ambient noise 
HVSR, separately. 
3. ' 'Normalization" of the estimated amplification coefficients Sa to the maximum 
value of so il factor Smax· 
Once the soil factors were estimated, the fmal step of microzonation was to refine the 
boundaries of the zones manually. 
The procedure summarized above led us to identify three main classes of ground for the 
Vittorio Veneto area, namely classes A, B, and C, according to Eurocode8 (2002). There is no 
evidence of class D soils (cohesionless soil deposits). Moreover, although some areas (i.e. 
Serravalle and Ceneda) feature grounds that could fall into E class (i.e., a shallow sediment layer, 
10-20 m thick, with surface velocities as far as 200 mis, underlain by stiffer materia! with V s > 
800 mis), it was preferred to assign these sites to class C, since the velocity features a uniform 
increase with depth that has the effect of reducing dramatically the acoustic impedance contrast 
with the geologie bedrock. On the other band, there was no evidence of liquefaction or yielding 
phenomena during the October 10, 1936, M=5.8 earthquake. Taking into account the low 
velocity of the shallowest soils and the presence of water, a maximum value of amplification 
factor Smax = 1.45 was assigned to c]ass C soils. For the sites recognized as class B or class C a 
further sub-classification has been introduced. In particular, soil class B is divided into sub-
classes, BO and B l , that represent soils with major/minor content of grave} versus sand and clay, 
respectively. Soil class C, which characterizes the highest amplification values obtained in 
Serravalle and Ceneda is divided in t o the two sub-classes, namely C l an d C2, to take into 
account the different extent of the frequency bands of amplification of the two sites (i. e. a wider 
for Ceneda). (Table 6.1). 
SITE EFFECT EV ALUATION BY AMBIENT NOISE MEASUREMENTS 94 
Parameters 
Soil type Description Vs,3o Amplification Ampliflcation 
(mis) range band (Hz) 
rock-like geologica! formation. 
> 800 
including at most 5 m of weaker materia! at the surface 
very dense sand. grave!, or very stiff c lay. 580 tlat > IO 
a t least severa! tens of m in th ickness. characterized by 
740 
a graduai increase of mechanical properties with depth 
(measured) 1.05- 1.3 4-8 - Vs,30 (mis) = 360- 800 
Deep deposits of dense or medium dense sand, grave! 270 
5-9 
or stiff clay with thickness from severa] tens to many 1.4-1.5 
hundreds of m- Vs.30 (mis)= 180- 360 
(estimated) l-7 
Table 6.1 Soil classes identified for Vittorio Veneto. 
Figure 6.7 shows the mean amplitude estimated from ambient noise HVSR over a frequency 
band equal to [0.8, 8] Hz (Lachet et al., 1996). The maximum value is normalized to Smax = 1.45. 
The distribution of the HVSR amplitudes fits the distribution of the soils displayed by the surface 
geology map very well. 
1.00 1.10 1.22 1.38 1.50 
Figure 6. 7 Microtremor HVSR me an amplitude over frequency band equa l to [0.8, 8] 
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The nticrozonation map proposed for Vittorio Veneto is shown in Figure 6.8. On the one 
hand, the strong correlation with the surface geology can be appreciated, and on the other hand 
the identification of three narrow zones of high amplification in Old Serravalle (SRV), Vittorio 
Veneto town-center (VVC) and Ceneda (CEN) characterized by C type soils. Most of the area is 
characterized by class B soils and features, in generai, low to medium amplification. In 
particular, the modern city (VVN) is characterized by gravelly soil (BO class) and features low 
amplification, while the areas of Vittorio Veneto town-center (VVC) and Ceneda (CEN) are 
characterized by gravelly so il with massi ve presence of clay and sand (B l class) and feature 
medium level amplification. 
Figure 6.8 Microzonation map proposed for Vittorio Veneto. Ground classes as in Table 6.2. 
Red and pink labels indicate the location of ambient noise measurements and wells, respectively. 
Blue labels indicate the 10 temporary stations for the registration of the Iocal seismic response in 
Serravalle. 
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Table 6.2 shows the ground classification proposed for Vittorio Veneto. The values of the 
parameters estimated for ground motion type 2, i.e. for medium size earthquakes, are defined on 
the basis of the results of the geologica! and geophysical studies shown above. Note that the 
parameterization proposed for medium size earthquakes (type 2) resembles closely that proposed 
by EC8, except for C2 soil class, for which the frequency band of the design spectrum plateau 
has been widen to [1, IO] Hz. For strong earthquakes,there is no geophysical indication. 
Therefore, for the class of soils, the same parameterization of EC8 has been proposed. 
pel (large size earthquakes, M>S.S) 
Table 6.2 Ground classification for Vittorio Veneto, according to EC8 (2002). 
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7 Conclusions 
The study displayed in this thesis focused on the evaluation of the seismic hazard in the 
town of Vittorio Veneto and its neighboring area. 
The effectiveness of any method used to predict the ground motion for a future earthquake 
in a deterministic approach depends strongly on the knowledge of the values of the input data. 
These data describe tbe 'supposed' source (i.e. location, focal mechanism, fault area and 
magnitude ... ), the geologica! structure along the propagation-path and the local geologica] 
conditions at the most important sites. 
For the study area at the border of the Veneto and Friuli regions centered around the town of 
Vittorio Veneto several data and constraints on the models were provided, and the conditions 
needed to produce reliable results by numerica] simulation methods were often met. We made 
use of two different techniques for the estimation of the expected ground motion, which 
permitted to evaluate the effects on the strong ground motion of the extended source 
characteristics and complex geologica! structure separately. 
The frrst method, called EXWIM, was developed to evaluate the ground motion for 
kinematic extended source models and, in particular, to check its sensitivity to the variation of 
some parameters, such as seismic moment distributions and nucleation point location. Two 
possible seismic sources bave been chosen as reference earthquake: the one associated to the 
Cansiglio-Alpago structure and probably linked to the 1936 earthquake (M=5.8) and the one 
associated with the Montello thrust which was identified as one of the potential major 
seismogenic structures of the region. The high variability obtained by the resulted ground 
motion, computed for the two reference earthquakes, demonstrates the importance of giving 
adequate constraints to the source parameterization, in order to obtain reliable predictions of the 
ground motion. 
The second technique, called SPEM 2-D, was applied for the construction of detailed 
ground-shaking scenarios for two vertical sections crossing the town of Vittorio Veneto, allowed 
evaluating the influence of wave field propagation through the complex Cansiglio-Alpago 
geologica! structure as well as the local so il effects (topography included) of the Vittorio Veneto 
ba sin. 
The regional scale seismic scenarios estimated by the EXWIM method indicate the town of 
Vittorio Veneto is outside the zone of maximum expected ground motion produced by the effects 
of the extended source radiation pattem for the two reference events. However the simulations 
performed by the SPEM 2-D method features a local rise of the ground motion parameters at the 
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Vittorio Veneto basin which is caused by seismic energy trapping within the low velocity soils of 
the valley. The site effects represent therefore an important factor in asses ing the seismic hazard 
in the Vittorio Veneto town. 
Nevertheless, the evaluation of site effects at a local scale, in the urban area of the town of 
Vittorio Veneto would be rather difficult and computationally expensive using theoretical 
deterministic approaches since they require an extremely detailed geologica! and geotechnical 
defmition of the Quatemary soils outcropping along the basin. Therefore, in order to asses how 
the seismic response is distributed a11 along the Vittorio Veneto basin, we preferred to rely on an 
empirica! method, that is able to evaluate the site resonance frequency by means of fast and 
relatively low-cost ambient noise recordings, namely the ambient noise HVSR technique. The 
results of the ambient noise HVSR survey brought out the presence of zones featuring very 
different resonance frequencies across the Vittorio Veneto basin. l t is remarkable that the 
distribution of the measured resonance frequencies is well correlated with both the local surface 
geology and the strong damage that occurred during the 1936, Cansiglio earthquake. The results 
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Abstract 
We build-up a near-fault ground shaking scenario for the municipal area of Catania 
(Sicily, Italy). The reference earthquake is the February 20, 1818 M=6.2 earthquake, 
whose epicenter was close to the northern part of the present settlement of the city. This 
earthquake is considered a tectonic earthquake and is associated to the northern 
continuation ofthe Ibleo-Maltese fault system. This fault system is the major seismogenic 
structure of Eastern Sicily, and it is considered the responsible of the major historical 
earthquakes which struck that area, such as the January li , 1693, M=7.0 event. Despite 
of its lower magnitude, the 'Catanese' earthquake has to be accounted for the seismic 
hazard assessment of Catania, because of its vicinity to the city. 
The near-fault strong ground motion is computed through a hybrid stochastic-
deterministic method (EXWIM). This method simulates rupture propagation along finite 
fault and solves the 3-D full-wave propagation in anelastic media with a vertically 
heterogeneous structure. In order to evaluate an exhaustive scenario, different slip 
distributions and hypocenters are considered. The structural model assumed is 
representative of the Eastern Sicily area, however local site conditions are taken into 
account at each site in a simplified way (i.e. the VS30 value). The ground motion is 
computed fora regular grid ofreceivers sampling the urbanized area ofCatania. 
The results consist of three-component waveforms, acceleration and displacement 
response spectra and other relevant parameters used to describe the ground motion. 
Keywords: earthquake scenario, ground motion, extended source 
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l lntroduction 
Catania is one of the ltalian cities more exposed to seismic risk. Two large earthquakes 
struck the surrounding area in the last thousand years, i.e. the Ms = 7.3 in 1169 and the 
Ms :2: 7.0 in 1693 (Monachesi and Stucchi, [1]), the latter caused as many as 54,000 
deaths in Eastern Sicily (Boschi et al. [2]). The absence of strong earthquakes for a long 
time period - about three hundred years-, the high density of population, industries and 
infrastructures, and the fact that earthquake-reinforced buildings are by far the minority, 
are the key factors that contribute to increasing seismic risk. 
A nurnber of national projects ha ve been carried out, or are stili ongoing, with the goal of 
estimating and reducing the seismic risk of the city (Faccio! i and Pessina [3]; Maugeri 
[4]) and its surrounding areas (Decanini and Panza [5]). Most studies have focused on 
developing destructive scenarios, assuming the Ms :2: 7.0 event of January 11 , 1693 as a 
reference earthquake. Some ofthem, as well as this study, also tried to estimate damaging 
scenarios using weaker, medium size reference earthquakes, such as the 1818, Ms = 6.2 
and 1848, Ms = 5.5 events (Monachesi and Stucchi, [1]). Ali these events are associated 
to the northern segments of the Ibleo-Maltese fault system, the major seismogenic 
structure of Eastern Sicily which is considered the responsible of the main historical 
earthquakes. 
We build-up a near fault ground shaking scenario for the February 20, 1818 M=6.0 
earthquake. According to historical data, the epicenter is located along the south-eastern 
flanks of the Etna Volcano, close to the municipal area of Catania. Despite of its lower 
magnitude, a medium size, !oca! earthquake, such as the 1818 event, has to be accounted 
for the seismic hazard assessment of Catania, since it may cause heavy damage to the 
most urbanized area. 
Figure l (top pane!) shows the study area, the fault position an d the location of the 4 70 
receivers used for the simulations. The source position and the foca! mechanism of the 
January, Il , 1693, M=7.0 event and December 13, 1990, M = 5.8 earthquakes are also 
displayed. The bottom pane! shows the simplified map of the geotechnical units, which 
characterizes the municipal area ofCatania (Pastore and Turello [6]). 
2 The February 20, 1818 M=6.2 'Catanese' earthquake 
The 1818 event caused damage an d ruin in many localities of the Etna eastern flanks, an d 
was felt in a large area of Eastern Sicily. The broad distribution of the ground shaking is 
typical of a crustal regional earthquake (Barbano and Rigano [7], Azzaro et al. [8]) rather 
than a shallow depth volcanic Etnean event. The macroseimic field of this earthquake is 
represented in figure 2. The maximum damage is localized eastward of the epicentre. 
However, the damage distribution seems incomplete towards West and South, probably 
because ofthe scarcity ofhuman settlements. 
The hypothesis of activation of a deeper, blind fault of the Malta escarpment beneath the 
eastern side of the volcano during the 1818 earthquake is supported by the evidence of 
secondary faulting of the Ibleo-Maltese system, NNW-SSE oriented, along the eastern 
flank of M t. Etna as well as the occurrence of a tsunami along the Ionian coast (Azzaro et 
al. [8]). 
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Figure l. 
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Figure 2. 
3 Geologica! setting 
Macroseismic field ofthe February 20, 1818 
M=6.2 earthquake 
On the regional scale, the crustal structure of Eastern Sicily is quite complex. A 
simplified cross-section of the geologica! structure along the N-S direction is shown in 
Figure 3. 
The main units are: i) the carbonatic basement ofthe Hyblean Foreland (gray colored in 
Figure 3), ii) the sedimentary forrnations ofthe Northern Chain (pink and orange), which 
underlie iii) the volcanic body of Mt. Etna (blue), iv) the Ibleo-Maltese escarpment 
running offshore in the NNW -SSE direction, an d, at a smaller scale, v) the Gela-Catania 
Foredeep, with the sedimentary basin of the Catania Plain (green). The geology and 
structural set-up of the region has been studied by a number of authors. A summary of 
references and a synthesis ofthe results can be found in a number ofpapers (e.g., Lentini 
[9], and Sirovich and Pettenati [IO]). 
The surface geology of the Catania municipal area features a strong spatial variability, 
with the presence of both volcanic and sedimentary units (Pastore and Turello [6]). The 
ages of these units range between the mid-lower Pleistocene and the upper Holocene. 
Figure l shows the simplified geotechnical map ofthe main lithological units. 
The lava flows cover a great part ofthe Catania downtown. Slightly at South ofthe urban 
area, in the zone called the ' Terreforti' hills, a sedimentary series of Pleistocene age 
outcrops. This series belongs to the Northern Chain structural unit. It consists of clays, 
interbedded with layers of sands, and tufaceous levels. The upper part of the formation 
displays layers of pebbles and conglomerates. The overall thickness of the Terreforti 
formation is thought to reach a few hundred meters. At the base of this series there are 
grey-light blue clays, which are sandy clays showing a grey-light blue color at rresh cuts. 
South of the Terreforti hills li es the Catania Plain, a lowland characterized by recent and 
ongoing alluvium deposits grading to coastal deposits. 
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4 Numerica} method 
Geologica! section ofEastern 
Sicily around Catania 
We use a hybrid stochastic-deterministic method to compute strong motion seismograms 
in the near-field of extended earthquake sources. This method (EXWIM) solves the 3-0 
full-wave propagation in anelastic media with a vertically heterogeneous structure. The 
computational kernel is the wavenumber integration method (Herrmann [11]). We mode! 
the fault rupture using the kinematic approach by Herrero and Bernard [12]: the moment 
density is described by a deterministic-stochastic e distribution, and instantaneous slip 
release. In this study, the rupture propagates from the nucleation point with constant 
velocity v R = 0.8 Vs on the fault piane. 
In our hybrid approach, composite broadband seismograms, that span the entire 
frequency range of interest, are obtained as a sum of deterministic low-frequency 
complete seismograms and a stochastic high frequency contribution. The need of using 
su c h approach com es from a common acceptance among authors (e.g.: Pitarka et al. [ 13]) 
of the fact that the signa l looses its coherence in the high-frequency band as an effect of 
the wavefield propagation through the real earth. 
Our computational procedure consists of: l) discretizing the area into a grid of 
elementary point sources; 2) computing the wavefield generated by each point source 
with unitary seismic moment; 3) computing seismograms for each point source according 
to the given distribution of slip; and 4) summing up each contribution synchronized in 
time to simulate the propagation ofthe rupture. 
In this work, seismograms ha ve been computed up to a maximum frequency of 20 Hz. 
The deterministic-stochastic transition has been set at 1.5-2 Hz. The maximum fault size 
has been set at 26.6 km x 16.6 km, and it has been discretized into 4895 elementary 
sources, with inter-spacing of 300 m. 
5 Structural model and source parameterization 
The ground motion is computed at a regular grid of receivers covering the Catania municipal 
area. This area is sampled with 470 receivers, with inter-spacing of 320 m. The mode! (figure 
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4) represents the average structure of Eastern Sicily (Priolo [14]). To take into account the 
!oca! site conditions, the VS30 values have been specified at each receiver according to the 
simplified geotechnical map shown in figure l. In particular, the area which features the 
presence of the Terreforti formations and light blue clays at surface (pink colour, figure 3) is 
taken as the 'reference' mode! (figure Sa). In the northern part of the Catania area these 
sedimentary formations are covered by lava flows, which have been represented by VP3o = 
1730 mis and VS30 = l 000 mis (figure Sb). In the coastal area, the sedimentary formation ofthe 
blue clays are overlaid by fine alluvium deposits, which are represented by a layer with VP3o = 
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A pure norma! fault mechanism is assumed for 'Catanese' earthquake. Fault strike and 
dip are set at values already used by previous studies (Priolo [14]; Zollo et al. [IS]) for 
the Ibleo-Maltese system, i.e. ~ = 3S2° and o = 80°, respectively. Two different rake 
distributions are considered, i.e. constant (À = 90°) and variable (4S0 ~ À ~ l3S0 ) over the 
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fault piane, respectively. Jn the latter, the average value corresponds to that of the 
constant rake. 
We mode! three different fault sizes, corresponding to large, medium and small size, 
respectively. The average value ( 16 km x l O km) is estimated by the classica! scaling la w 
of Wells and Coppersmith [16], while the others correspond to an increase/decrease of 
2/3 ofthe average length. The corresponding stress drop values are !la= 0.2 MPa, !la= l 
MPa and !la= 15 MPa, respectively. Three different k 2 slip distributions are used for 
each fault size. When defining the three fault sizes, the fault centre has fixed depth. lt 
turns out that the fault top ranges from 3.5 km to about 9.5 km of depth. 
Nucleation points are regularly distributed with inter-spacing of 1600 m (one point every 
six elementary sources). Figure 6 shows an example of large size source: contour lines, 
black arrows, and blue circles indicate the seismic moment distribution, slip vector, and 
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Figure 6. Source mode! 
6 Results and discussion 
Three-components seismograms are computed at each of the 470 receivers, for a total 
number of 1188, 360, and 48 seismograms for the large, medium, and small fault sizes, 
respectively. 
Figure 7 shows the average PGA scenario, which consists of the mean value obtained 
considering the three fault sizes (small, medium and big), three slip distributions, two 
rake models (constant and variable) andali nucleation points, computed at each receiver. 
The left and right panels refer to the horizontal and vertical components, respectively. 
The amplification effect of the different so il types is remarkable: the receivers located on 
the fine alluvium of the Catania plain feature the highest PGA, which are about 1.5 and 
2.0 times larger than the values obtained at the receivers located nearby, on the Terreforti 
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formation and lava, respectively. High PGA values can also be observed in the Northern 
part of Catania, where the sedimentary formati o n outcrops from lava. 
Figure 8 shows an example of the seismograms and acceleration response spectra 
computed at receivers located close each other for two different soil conditions, i.e. on the 
fine alluvium of the pia in (left panel) and lava (right), respectively. The figure concerns 
the 'medium' size fault, variable rake distribution and up-dip rupture. 
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Figure 8. Site response. 
The effect of the constant and variable rake distribution is shown in figure 9. l t can be 
seen that the variable rake results in a small increase of tbe ground motion, although the 
amount depends on the slip distribution. The figure concerns the ' medium' size fault and 
ali nucleation points. 
Fina lly, figure IO shows how the fault size (or, equivalently, the average stress drop) 
affects the ground motion. The higher the stress drop the higher the resulting acceleration. 
The maximum PGAs are about 6 rn/s2 and 0.8 rn/s2 for the small and large fault size, 
respectively. The ratio between the two static stress drops is about 30. 
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Note that the values obtained for the small size do not feature a regular attenuation with 
distance. On the contrary, norma) attenuation with distance is shown by considering the 
other two fault sizes. This is a combined effect of both larger source-receiver distance an d 
deeper source, which causes wavefield reflection/rerraction at deep velocity interfaces. 
7 Conclusions 
The scenario simulated for the 'Catanese' earthquake predicts average accelerations 
ranging from less than l m/s2 to about 3.5 m/s2 on rock (i.e. lava) sites. These values are 
quite close to those predicted for the January Il , 1693 M>7 earthquake by previous 
studi es (Faccio li and Pessina [3]), and demonstrate the importance of taking into account 
smaller -but closer events in estimating the seismic hazard of a given area. 
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Earthquake scenarios are computed by assuming a simplified local seismic zonation 
based on the average velocity of the shallowest 30 m. Large discrepancies in the near 
fault strong ground motion seismograms are found when different soil types are 
accounted for. 
A large variability of PGA is predicted in the near-fault, thus demonstrating the need of 
having a more accurate definition of the input source parameters to mode! the expected 
ground motion. 
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Introd uction 
We perform some numerica! simulations to assess the median ground motion for a M = 
6.5 event at short distances from the fault. We take into account the 1-D Northern 
Switzerland model (CHI\) and two fault mechanisms, i.e. vertical strike-slip and 45° 
dip-slip fault. In arder to evaluate the ground motion variation with both distance and 
azimuth, seismograms are computed along five arrays of receivers at different distances 
from the fault ranging from l km to 25 km .. 
We focus on the median ground motion. For this reason, the source parametrization 
follows different criteria from those used in our previous study (Priolo et al. , 2002) , whose 
goal was t o assess the ma:ximum motion. H ere, we define seismic moment (or slip) dis-
tributions having medium stress drop level and feature no sharp and localized asperities. 
Furthermore, instead of evaluating a single criticai case, we need to build-up a robust 
statistics. Therefore, we take into account a large number of simulations for which we 
let to vary the slip distribution and rupture propagation (i. e. , the aleatory parameters). 
Simulations are performed using EXWIM 2.1 method. Version 2.1 improves version 2.0, 
used in our previous study, in that it implements a hybrid low-frequency-deterministic, 
high-frequency-stochastic approach. The need of using a hybrid deterministic-stochastic 
approach comes from few observations (Liu and Helmberger, 1994) and a common ac-
ceptance among authors (for instance, Pitarka et al, 2000; Madariaga, 2002) of the fact 
that the signallooses its coherence in the high-frequency band (e.g., for f >2Hz) as an 
effect of the wavefield propagation through the earth. Any modelling method should take 
into account this aspect correctly (Madariaga, 2002) . In particular, the high-frequency 
stochastic character of the seismogram is relevant when one wants to simulate realistic, 
highly likely situations. However, the use of a full deterministic approach (Priolo et al. , 
2002) is stili justified to evaluate extreme cases in which the signal coherence persists in 
the high frequency band (Zahradnik, 2002b). 
We first summarize the improvement of the new version of EXWIM, then we describe 
the setting of the numerical simulations, summarize the results obtained, and draw some 
conclusions. 
EXWIM 2.1 Method 
Version 2.1 of EXWIM improves the full deterministic approach of version 2.0 by intro-
ducing a stochastic hybridization of the signal in the high frequency band. The imple-
mentation of the stochastic approach is similar to the perturbation and extrapolation 
method (PEXT) recently introduced by Zahradnik and Tselentis (2001) and Zahradnik 
(2002a) . We introduce some changes in arder to preserve the deterministic spectrum of 
l 
Deterministic Parameters 
- Structural Model; 
- Maximum Frequency; 
- Magnitude; 
- Fault Type; 





- Slip Distribution; 
-Rupture Velocity; 
- Nucleation points. 
Higb-freguency stochastic 
Synthetic Seismograms and Response Spectra 
Figure l: EXWIM 2.1 fl.ow chart. 
both amplitude and phase in the low frequency band, avoid the spectral holes displayed 
by most hybrid methods in the cross-over band, and take into account a high-frequency 
spectral decay according to a pre-assigned attenuation law. 
A schematic description of EXWIM 2.1 is illustrateci in Figure l. At first , seismograms 
for rupture propagating along an extended fault are computed deterministically in the low-
frequency band. The computational procedure of this part coincides with EXWIM 2.0, 
whose description can be found in (Priolo et al. , 2002). In this study, rupture velocity is 
held constant to 0.8 Vs. The low-frequency deterministic signal includes all details of the 
wave propagation through the structural model, near-field terms, and focal mechanism. 
This signal defines a deterministic envelope, which is filled up by the high-frequency 
2 
l 
NORTHERN SWITZERLAND (CHN) 
H a ~ p Q a Q~ ~ (km/s) (km/s) (t/m3) 
0.05 1.73 1.00 1.66 130 60 
0.05 2.07 1.20 1.76 130 60 
0.05 2.77 1.60 2.06 220 100 
0.45 4.84 2.80 2.55 440 200 
0.40 5.88 3.40 2.75 440 200 
25.0 6.23 3.60 2.85 660 300 
30.0 7.95 4.60 3.00 1100 500 
HSP 7.95 4.40 3.00 1100 500 
Table a: Structural mode! of orthern Switzerland (CHN). Model parameters are: H = layer thickness; 
(a, /3) =P- and S-wave velocities; p= density; (Qa, Q.a ) =P- and S-wave quality factors. HSP means 
half-space continuation. 
signal with random phase. The spectral amplitude of the high-frequency stochastic signal 
is set by the amplitude of the deterministic spectrum in its high frequency limit, and it is 
defined in two ways, that is by either setting a fiat plateau or using a pre-defined frequency-
dependent attenuation law. The transition between the deterministic and stochastic signal 
is made smooth by blending the deterministic and stochastic spectra within a cross-over 
band. 
Description of the Simulations 
Simulations are performed for the Northern Switzerland model (CHN, Table a) and for 
two fault mechanisms. The values of the parameters used for the two cases are described 
in Table b. The geometrica! settings are illustrateci in Figure 2. 
For the low-frequency deterministic part, the maximum computational frequency of 
the Green's functions is set at fmax = 2.5 Hz, and the fault is discretized by a 51 x 101 
grid of elementary sources, for all distances. The high-frequency stochastic contribution is 
added to each seismogram up to the maximum frequency of 20Hz, which is therefore the 
maximum frequency of the final seismograms. The deterministic-to-stochastic cross-over 
band is set at [l Hz, 2 Hz]. 
In the low-frequency band (i.e. f < 2Hz), the fault rupture is described by a kinematic 
approach using a k- 2 seismic moment density distribution (Herrero and Bernard, 1994) . 
The slip duration is set at 0.5 s. A complete description of the source model is given in 
(Priolo et al., 2002). As requested by NAGRA, the average stress drop is set at a medium 
level (Priolo et al. , 2002), thus the size of the fault is set at an average value. 
To estimate the median ground motion, we need to take into account the uncer-
tainty due to the aleatory parameters (i.e. , slip distribution and rupture starting point) 
3 
CASE l (SS) l CASE2(DS) 
Structural model CHN (Northem Switzerland) 
Mechanism Strike-slip l Dip-slip 
Dip 90° l 45° 
Magnitude 6.5 
Rupture dimension (L x W) 25 km x 12.5 km 
Depth of fault top 1000 m 
Stress-drop (Llo) 
Medianl'J 
1.5 MPa l 2.0MPa 
N. of slip-distributions 5 
Rupture-velocity 0.8 Vs 
N. of nucleations 153 (for each slip distribution) 
N. of sites (for each distance) 11, located along rupture 120, located in "race track ", 
(one half of fault) hanging wall and foot wall 
Site distances l km, 3 km, 5 km, 10 km, 25 km 
Total n. of sites 55 l 100 
Max. computational frequency ifmax) 20Hz 
Deterministic-stochastic transition band [l Hz, 2Hz] 
<•> See al so table 2d in (Priolo et al., 2002). 
Table b: Description of the simulated cases 
CASE l (SS) CASE 2 (DS) TOTAL 
N. of sites 55 100 155 
N. of Green's functions for each site 5151 5151 5,151 
Total n. of Green's functions 283,305 515,000 798,405 
N. of slip distributions 5 5 5 
N. of nucleations 153 153 153 
N. of seismograms for each si te 765 765 1530 
Total n. of seismograms 42,075 76,500 118,575 
Table c: Summary of the computations performed in this study 
and perform a statistics on a large number of simulations. We consider 5 different slip 
k-2-distributions and 153 nucleation points (Figures 3 and 4) , for a total population of 
765 rupture scenarios. Thus, at each of the 155 sites we compute 765 three-component 
seismograms for each of the two fault mechanisms. The amount of the final data-set is 
sumrnarized in Table c. 
The five slip distributions show large parts of null slip and incoherent slip boundaries. 
In addition, the slip is distributed mainly in the bottom half of the fault (i.e., at larger 
depths than the previous set). Thus we avoid unrealistic near surface ruptures. 
Computations have been performed on the high performance parallel computers of the 
CI~ECA computing center (Bologna, Italy), and took about one week of an IBM SP4 
computer with 64 dedicateci processors. 
4 
Results 
The results consist of three-component displacement -vvaveforms and acceleration response 
spectra. Due to the huge amount of output data, a reduced data-set of PGA and spectral 
accelerations at the eight frequencies of 0.5, l. O, 2.5, 5.0, 10, 20, 33, and 50 Hz is provided. 
The whole data-set (about 10 GB on disk) , or part of it , is available on demand. 
Figure 5 shows the mean horizontal PG A estimated a t all sites from all simulations. 
The horizontal ground motion is the average of the two horizontal components. The 
experimentallayout is that of Figure 2. The maps clearly show both radiai and azimuthal 
variations of the ground motion. The two mechanisms provide comparable maximum 
values (i.e., about 2 m/s2), but feature different distributions of the peaks with azimuth. 
In fact , in the strike-slip case the ground motion peak occurs near to half fault length 
at the shortest distance, and moves toward the fault tip direction as the site distance 
increases. On the other hand, for the dip-slip the lobe of the maximum values spread over 
a wide area located on the hanging wall obliquely to the fault tip. Obviously, this result 
depends on the particular fault geometry and position within the structural model that 
have been chosen for our simulations, on the slip distributions, as well as on the geometry 
of the sites. -o te also that the values displayed in the maps have been obtained including 
all the possible rupture scenarios, and therefore they take into account all possible rupture 
directions, such as up-dip, down-dip , bilatera!, and both forward and backward unilateral. 
Figure 6 and 7 show the spectral pseudo-accelerations obtained for the two fault 
mechanisms, respectively. Both shape and steepness of the spectral curves obtained for 
the two mechanisms are comparable each other. The spectral decay toward the low 
frequencies is uniform, especially for the curves obtained considering the maximum values 
( thick li n es). In contrast, some me dian curves ( thin li n es) still feature amplification a t 
about l Hz, especially for the strike-slip case. The variability of the values resulting from 
the different slip distributions is within a factor three, the largest values being obtained 
for those distributions featuring a large asperity (i.e., n. l and 3). 
The lower values obtained for the dip-slip case are explained by the fact that the 
geometry of the receivers includes locations corresponding to low directivity, i.e. on the 
footing wall of the fault. In fact, the values obtained considering only the receivers located 
on the hanging wall (Figure 8) are completely comparable to those obtained for the strike-
slip. 
Figures 9-12 and 18-21 show the acceleration waveforms (horizontal components) com-
puted for the strike-slip and dip-slip mechanisms, respectively, and for seismic moment 
distribution n. l. Two different rupture directions are shown, i.e. an up-dip, forward 
unilateral rupture and an up-dip bilatera! rupture (nucleation points n. 26 and 80 of 
Figure 4, respectively). 
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Figure 2: Geometrica! settings (top view) defined for the simulations: (SS) Strike-slip; (DS) dip-slipo 
Solid lines defines the fault area projection on the surfaceo The arrow shows down-dip directiono The 
numbers indicate the site locationso 
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Figure 3: The five different k- 2 seismic moment distributions (Herrero and Bernard, 1994) used in the 
simulat ions. 
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Figure 5: Peak ground acceleration (mean value) estimated at ali sites. Top panel: strike-slip: bottom 
panel: dip-slip. The thick black line indicate the fault projection on earth's surface. 
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value plus/minus the first standard deviation) estimateci for the eight reference periods for 
the strike-slip and dip-slip mechanisms, respectively. The maximum spectral acceleration 
occurs at periods from 0.1 s to 0.2 s, in all cases. It is worth noting that, with dip-
slip mechanism, the strike direction represents a point of local minimum of the spectral 
accelerations. 
With the exception of the two longest periods of l s and 2 s, the statistica! upper 
bound (mean plus the first standard deviation) of the spectral acceleration of this study 
compare well to those estimateci for the upper limit ground motion (Priolo et al., 2002), in 
the sense that they are in generai considerably lower. The inconsistency found at the two 
longest periods is due to the choice of the seismic moment distribution made in (Priolo 
et al. , 2002) - one dominant and localized asperity -, which had the effect of dropping 
the energy in the low frequency band. This fact was already outlined by the experts. 
Finally Figures 6 and 7 show a sample of the acceleration response spectra obtained for 
the SS and DS mechanisms, respectively. The spectra refer to seismic moment distribution 
n. l (i. e., 153 spectra) and three groups of sites aligned along three different azimuths. I t 
can be appreciated both the variability of the ground motion as a function of the different 
ruptures as well as the directivity effect, which shows up with the spectral peak at about 
l Hz. 
Conclusions 
We have estimateci the median strong ground motion in the near-fault range. Sites located 
at five Joyner and Boore distances have been considered. Simulations have been performed 
for two mechanisms typical of strike-slip and dip-slip, respectively. A robust statistics 
has been built-up by considering a large number of sites at different azimuths, five slip 
distributions and a large number of rupture nucleations from different points of the fault. 
The computed pseudo-accelerations show rather regular low-frequency spectral de-
cay. The two mechanisms produce similar acceleration values, though different spatial 
distributions of the ground motion. 
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Numerica! Modeling of the 13 December 1990 M 5.8 East Sicily 
Earthquake at the Catania Accelerometric Station 
by Giovanna Laurenzano and Enrico Priolo 
Abstract The record of Catania ENEA-ENEL accelerometric station, with its 
anomalously high amplitude, represents an outlier for the dataset of seismograms 
recorded by the ltalian accelerometric network during the 13 December 1990 M 5.8 
East Sicily earthquake. Using numerica! modeling tools, we corroborate the inter-
pretation of this anomaly as an effect of the crustal structure or site response, rather 
than as a finite source effect. 
In the first part of this study, w e compare the recorded seismograms to those 
computed by two numerica! methods- the 2D Spectral Element Method (SPEM), a 
technique which solves tbe 2D full-wave propagation through a complex geologica) 
structure; and the Wavenumber Integration Method (WIM), which solves the 3D full-
wave propagation in a horizontally-layered structure. The comparison shows that the 
recorded waveforms are reproduced accurately using a laterally heterogeneous struc-
ture, wbereas none of the representations in terms of horizontal piane layers, which 
simplify the same structure, provides satisfactory results. Furthermore, we compare 
the horizontal-to-vertical spectral ratios (HVSR) obtained from (l) the earthquake 
record, (2) the seismogram simulated by tbe SPEM, and (3) the seismic noise recorded 
at the same site. Again, the overall agreement is very good. 
This study has severa! outcomes. Firstly, that the numerica! modeling approach 
based on the SPEM, and used in a previous study to simulate ground shaking for a 
destructive scenario earthquake, provides reliable results. Secondly, that the 2D 
mode! used to represent the crustal structure beneath this area is realistic. Indeed, 
simplified ID models may not be an adequate means to reproduce realistic seismo-
grams and predict the ground motion in the frequency band of interest for seismic 
hazard (i. e., 0.5-1 O Hz). Finally, the high amplitude displayed by the Catania station 
during the 1990 earthquake is explained as a combined effect of site and structure-
path, whHe finite source models appear unnecessary. In generai, this study empha-
sizes the importance of methods that accurately mode! the wavefìeld propagation 
through realistic geologie structures for predicting ground motion. 
lntroduction 
Catania is one of the Italian cities more exposed to seis-
mic risk. Two large earthquakes struck the surrounding area 
in the last thousand years: the Ms 7.3 in 1 169 and the Ms;::: 
7.0 in 1693 (Monachesi and Stucchi, 1997). The latterearth-
quake caused as many as 54,000 deaths in East Sicily (Bos-
chi et al., 1995). The absence of strong earthquakes fora 
long time period (about three hundred years), the high den-
sity of population, industries, and infrastructures, and the 
fact that earthquake-reinforced buildings are by far the mi-
nority, are the key factors that contribute to increasing seis-
mic risk. 
A number of national projects have recently been car-
ried out, or are stili ongoing, with the goal of estimating and 
reducing the seismic risk of the city (Faccioli and Pessina, 
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2000; Maugeri, 2004) and its surrounding areas (Decanini 
and Panza, 2000). Within these projects, severa! studies are 
aimed at predicting the ground motion and at building up 
ground shaking scenarios, as well as estimating site response 
at selected sites. Most studies have focused on developing 
destructive scenarios, assuming the Ms ;::: 7.0 event of 11 
January 1693 as a reference earthquake; but some of them 
also tried to estimate damaging scenarios using weaker, me-
dium sized reference earthquakes, such as the Ms 6.2 of 18 18 
and Ms 5.5 of 1848 events (Monachesi and Stucchi, 1997). 
The approaches used to sol ve the scenario studies range from 
empirica! methods (Pessina, 1999, 2000) to methods based 
on numerica! simulations of the seisrnic wavefield radiated 
242 
from the source (Langer et al. , l 999a, 1999b; Priolo, 1999, 
2000; Rom anelli and Vaccari, 1999; Romanelli et al., 2000; 
Zolla et al. , 1999; Suhadolc et al., 2000; Zolla and Emolo, 
2000). The latter signitìcantly improve the detail of the anal-
ysis; however. the results obtained should be validated with 
recorded data. Demonstrating the effectiveness of the nu-
merica] technique used in the scenario study by Priolo (1999, 
2000) is one of the goals of this work. 
The identification of the major seismogenic structures 
of East Sicily is stili subject of debate. Despite few alter-
native hypotheses (Sirovich and Pettenati, 1999; Barbano 
and Rigano, 2001), most authors agree on identifying the 
only structure able to generate earthquakes with magnitude 
as large as 7 in the Ibleo-Maltese fault system, which is 
located some tens of kilometers offshore from the eastern 
Sicilian coast (Bianca et al., 1999; Azzaro and Barbano, 
2000a, 2000b). Unfortunately, for seismological studies, the 
seismicity of this structure is rather anomalous, since it fea-
tures a very low number of weak to medium sized earth-
quakes. The 13 December 1990, M 5.8 earthquake is actually 
the only medium-sized. instrumentally recorded event that 
occurred along the Ibleo-Maltese system which can be used 
to validate numerica! simulations. 
The 13 December 1990, M 5.8 earthquake is associated 
to the rupture of a transcurrent segment of the Ibleo-Maltese 
fault. It has been recorded by eight stations of the Italian 
ENEA-ENEL accelerometric network (Di Bona et al., 1995) 
(Fig. l), as well as by three stations of the MedNet broad-
band network. Waveforms recorded by the MedNet stations 
ha ve been used for moment-tensor inversion (Giardini et al., 
1995), while the strong motion records constrained the 
source mode! (Di Bona et al., 1995). The main features of 
the waveforms were correctly reproduced using a point-
source mode! for ali records, with the exception of the ac-
celerogram recorded by the Catania station. None of the 
quoted works points out the need of adopting finite source 
models. 
The seismograms recorded by the Catania E EA-ENEL 
station (CAT in Fig. l ) exhibit relatively large ground ac-
celerations. Amplitudes are 2-3 times larger than those re-
corded at Sortino, although both stations are at similar epi-
central distance (25-30 km). This anomaly has been 
attributed (Di Bona et al. , 1995) t o l oca! si te effects and to 
the presence of strong crustal heterogeneities, but no argu-
ments were provided to support this statement. The present 
study aims at validating this hypothesis by numerica] 
simulations. To this purpose, the 2D Chebyshev spectral-
element method, which solves the seismic full-wave prop-
agation through a complex geologica! structure, represents 
a suitable tool of investigation. 
The outline of this article is as follows. First, we de-
scribe the 2D spectral-element simulati an of the 13 Decem-
ber 1990, M 5.8 East Sicily earthquake, and compare the 
results of the simulations to the recorded data. Then, we try 
to evaluate the importance of the 2D structure, (i.e., whether 
the recorded data can be reproduced adequately using a 
G. Laurenzana and E. Priolo 
piane layer structure). In this part, we mode! the earthquake 
using the Wavenumber Integration Method (Herrmann, 
1996a, 1996b). In the third and last part, we evaluate the the 
site response at the Catania station by looking at the hori-
zontal-to-vertical spectral ratios (HVSRs) computed from the 
recorded and synthetic seismograms, as well as those esti-
mated from records of seismic noise. 
The 13 December 1990 M 5.8 East Sicily Earthquake 
The M 5.8 earthquake that struck East Sicily on 13 De-
cember 1990, caused widespread damage (/ = VII-VIII 
Mercalli maximum intensity) and 19 casualties. This event 
has been the only instrumentally-recorded earthquake asso-
ciated with the Ibleo-Maltese fault system. This motivated 
severa! geologica!, seismological, and geodetica! studies, a 
number of which are reported in a special issue ofthe Annali 
di Geofisica (Basili et al. , 1995). 
Table I summarizes the seismological parameters esti-
mated for the main shock by different studies as well as the 
values assumed in this study. The earthquake occurred about 
8-1 O km offshore of the promontory of Augusta (Siracusa), 
at a hypocentral depth of about 15-20 krn. In this study, 
among the severa! available fault-mechanism solutions, we 
adopt the o ne estirnated by Amato et al. ( 1995), using the 
moment tensor so1ution obtained by Giardini et al. ( 1995), 
which corresponds to a nearly pure strike slip, with east-
west orientation and Jeft latera! motion. This mechanism 
suggests that this event can be associated to a dislocation of 
two large segments of the lbleo-Maltese fault system, which 
is nearly north-south oriented and undergoes extensional de-
formati an. As concerns seismic moment and corner fre-
quency of the mai n event, Di Bona et al. (1995) found that 
the earthquake cannot be modeled over the whole frequency 
band by assuming a simple w - 2 spectral mode!. Rather, two 
different sets of values provide the same flat leve! of accel-
eration spectrum: f c = 0.6 Hz, M0 = 3.7 X 10
17 N m, and 
fc = 1.3 Hz, M 0 = 0.8 X 10
17 N m, respectively, where 
the lower corner frequency provides a better fit of the low-
frequency spectral amplitudes (Di Bona et al. , 1995). 
20 Modeling of the Earthquake 
The numerica! simulations are perforrned by the 2D 
Chebyshev spectral element method (SPEM). The SPEM is a 
high-arder finite element technique, which is particularly 
suitable to compute numerically accurate so1utions of full-
wave equations in heterogeneous media. One of the attrae-
ti ve features of this method is that it uses irregular meshes, 
and therefore, ca n accurately reproduce compi ex geometri es. 
More details about SPEM and its application to the sirnula-
tion of earthquakes. and in particular, to the development of 
the ground motion scenario in the Catania area, can be found 
in (Priolo, 1999, 2000, 200 L, 2003). 
The computational mode! is defined aJong transect t06 
(Fig. 2). The structure along this transect, and the values of 
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Figure l. Base map of the study area, 
showing geography, transect position (black 
line), and the accelerometric stations (trian-
gles) which recorded the 13 December 1990, 
earthquake. The Catania station location is em-
phasized by the circle. The acceleration seis-
mograms (north-south component) recorded 
by each station are shown. The dashed line 
shows the trace of the Ibleo-Maltese fau1t 
adopted in this study. The earthquake is asso-
ciated to the transcurrent fault segment. 
Summary of the Seismological Parameters Estimated for the 13 December 1990, East Sicily Earthquake Main Shock by Previous 
Studies and in This Study 
The following parameters are indicated: foca! mechanism (</>. fJ, i.) of the two nodal planes P1 and P2, respectively; source depth, zs; 
fault size, L X W; moment magnitude, M w (or ML in some cases); seismic moment M0 ; stress drop Ila; corner frequency fc: 
and average dislocation on fault D. 
(</>.~.i.) Zs L X IV M o t:.u le D 
Reference (degrees) (La!., Lon.) (km) (km) M w (N m) (bar) (Hz) (m) 
CMT (274, 64, 174) P l 
(37.25, 14.90) 15 5.6 3.27 x 1017 
(7, 85. 26) P2 
Amato et al. ( 1995) (190 ± 15, 80 ± 25. (37.34. 15.26) 22 ± 2 5 x 5* 5.4 (Md 
-IO ± 20) P2 
Di Bona et al. 5.7 3.7 x 1017 210 0.6 
( 1995) 
22 ± 2 
5.2 0.8 x 1017 500 1.3 
Giardini er al. (95, 86, 180) P l + 
13-17 5.8 3.7 x 1017 
( 1995) (4, 82, - 5) P2T 
Boschi et al. ( 1997) 5.3 {ML) l.I X 1017 
This study (95, 86. 180) p l (37.34, 15.26) 5 x 8 5.8 3.7 x 
1017 0.6 
0.7 20 
0.8 x 1017 1.3 
*Estimated from the aftershocks. 
+Fault-plane solution determined by Amato et al. ( 1995) using the moment tensor inversion obtained by Giardini er al. (1995). 
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Figure 2. Computational model along transect t06. The panels show the mode! 
structure with different levels of enlargement. The location of the point source is in-
dicated by a star and !abel "s.IBM." Units in km. South-east and north-westcorrespond 
to positive and negative abscissas, respectively. The vertical scale is exaggerated, and 
different horizontal-to-vertical ratios are used for each pane!. Materia! parameters are 
described in Table 2. 
the physical parameters used to define i t, are shown in Figure 
2 and Table 2, respectively. The mode! structure is consistent 
with that of the other transects modelled in past studies 
(Priolo, 1999). A point-source mode! is used, with fault 
mechanism defined by (c/J, b, i,) = (95°, 86°, 180°), and 
source depth at zs = 20 km. 
The source-time function combines a low-frequency de-
terministic part with a high-frequency stochastic contribu-
tion, with a transition band between 2 Hz and 3 Hz. The 
stochastic part is characterized by a random phase spectrum 
while the amplitude spectrum is kept constant at the upper 
frequency leve! of the deterministic part. 
To accommodate the presence of two corner frequen-
cies, as suggested by Di Bona et al. ( 1995), we build up the 
deterrninistic part as a combination of two pulses. The two 
pulses are characterized by distinct corner frequencies !c and 
f asp• which represent the inverse of the average rupture du-
ration of the w ho le source area (RA) and the largest asperity 
area (RAasp), respectively. Estimating the average slip du-
ration as Ts = 2[si3V, (Heaton, 1990), where Sand V, are 
the rupture area and velocity, respectively, and the ratio be-
tween the total rupture area and that of the largest asperity 
is RAasp = 17.5% RA (Somerville et al. , 1999), i t comes out 
that the ratio between the two corner frequencies can be 
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approximated by /asp = 2.4 fc· Therefore, if we assumefc = 
0.6 Hz, it results in fasp = 1.4 Hz. The deterministic com-
ponent of the source time function has the following form: 
y(t; f c, fasp) M 0 (2 nfc)2 t exp(-2 nfc t) 
+ ~P (2 nfaspf t ex p(- 2 nfasp t), 
where M0 = 3.7 X 10
17 N m and M:sp = 0.8 X 1017 N m 
according to Di Bona et al. ( 1995), The resulting source-
time function and its spectrum are shown in Figure 3. Other 
details are as in Priolo (1999). 
Figure 4 displays seismograms computed at and re-
corded by the ENEA-ENEL Catania station. The maximum 
computed frequency is 6 Hz and the total simulation time is 
40 sec. They liken each other quite well in terms of the 
overall shape, polarity of the main arrivals, S-wave ampli-
tude, and seismogram duration. 
How Important is the 2D Structure? 
To understand the importance of the effect of the 2D 
structure on the propagating wavefield and the ground shak-
ing at the surface, we perform a set of simulations assuming 
a layered Earth structure. The simulations are performed us-
ing the wavenumber integration method (Herrmann, 1996a, 
1996b). The method solves the seismic full-wave equation 
through a 3D layered medium. 
We use three different layered structures that progres-
sively approximate the 2D structure (Fig. 5). The fìrst mode! 
is the mean regional mode! of Sicily, adopted by the partic-
ipants of the modeling activity of the first Catania Project 
Table 2 
Description of the Soil and Rock Formations Used to Defìne the Transect Structure 
The following parameters are reported: density (p), compressional and shear-wave velocities 
(Vp, V5), and attenuation (Q). 
Description 
Fine alluvium deposits wilh sand 
Clay and sii t interbedded with sand 
Sand, coarse grave!. and conglomerate 
Clay interbedded with sand 
























2 2.5 3 3.5 4 
Timo (s) 
p (kglm3) V p (mis) Vs (mis) Q (s-') 
1870 360 200 12 
1900 340 190 15 
1950 450 250 18 
2000 810 450 18 
2000 900 500 30 
2000 1400 775 45 
2050 1655 915 50 
2120 2000 1105 80 
2150 2300 1310 100 
2200 2800 1570 100 
2630 4100 2335 120 
2580 4700 2680 120 
2600 5000 2835 150 
2630 5200 2950 150 
2740 6100 3460 200 
2780 6400 3630 200 
2835 7000 3970 300 
2800 6700 3750 300 
' ,.i . 
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Figure 3. (a) Normalized source-time function and (b) normalized amplitude spec-
trum used for the 20 spectral element simulations. See text for more details. 
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Figure 4. Three-component velocity and acceleration seismograms recorded by the 
Catania ENEA- E EL accelerometric station (thick lines), and computed by the 20 
spectral element method (thin lines). The ENEA-ENEL seismograms are band-pass 
fìltered at 0.25-6 Hz. The ENEA-ENEL velocity is obtained by ti me integration of the 
acceleration records. The origin ti me of predicted seismograms has been aligned to that 
of the recorded seismograms. The peak value is explicitly written at the end of the 
traces. 
(F. Vaccari, personal comrn. 1997). This model was built up 
from the inversion of surface waves of teleseisms. The sec-
ond structure uses the deep structure (z > 1.5 km) of the 
mean regional mode! and approximates the shallow structure 
(z < 1.5 km) of the 2D structural mode] specifically built 
up for this study. The third mode! approximates the whole 
structure of the 2D mode! of this study. As the layered struc-
ture approximates the 2D structure, the mode] becomes pro-
gressively more complex, featuring more and thinner Jayers. 
The mean regional mode! and the mode! which approximates 
the 2D mode!, feature three main differences: (l) the depth 
of the Moho, which is at about 32 km and 36 km in the two 
models, respectively; (2) the velocity contrast at about 6 km 
and 14 km depth in the two models, respectively; and (3) the 
velocities of the shallowest layers (z < 1.5 km), which de-
crease much more rapidly toward the surface in the mode! 
that approximates the 2D structure. 
The mean regional structure provides very poor seis-
mograms (Fig. 6). As the piane layer models approximate 
the 2D structure more accurately, the synthetic seismograms 
fit the recorded ones progressively better. See for instance 
the direct S wave (indicated by Sin Fig. 6), the first reftection 
S' of the direct S wave at the top of the limestone unit (i.e .. 
the interface between Spa5 and Cc in Fig. 2) and the fun-
damental Rayleigh mode R0. The use of the mean regional 
mode! "WIM: Mean" leads to over-simplified seismograms 
with very low amplitude. The amplitude of the direct S w ave 
is much better approximated only by inserting the low-
velocity surface structure of the Priolo 99 model above the 
mean model at 6 km of depth (mode] WIM: Mean + Priolo 
99). Note that the Mean regional velocity mode! (Fig. 5) 
usually features higher velocities than mode! Priolo 99. The 
l D approximation of the 2D mode] (mode! WIM: Priolo99) 
improves the fit further, but the best results remain those 
obtained using the 2D structure of the SPEM mode!. With 
this mode], the main phases can be clearly identified, and 
the overall amplitude of the converted waves in the intervals 
S-S' and S'-Ra is reproduced accurately. These converted 
waves are generated by the wavefield propagation through 
the L- 1.5 km thick portion of sediments (units Alf, Aa, Spa 
in Fig. 2). 
The structure of the Catania area south of the Etna voi-
cane differs from the mean regional structure in the follow-
ing two aspects. Firstly, a sharper velocity contrast is present 
at about 12- 14 km, in what is indicated as the carbonatic 
basement (Makris et al. , 1986; Della Vedova et al., 1989). 
This interface dips northward with an angle of about 8°- 10° 
(Lentini, 1982; Petronio, 1997). Secondly, the sediment pro-
file, which features an overall thickness of 2 km, a strong 
velocity contrast at its bottom, and a decreasing gradient 
toward the surface, is a good average representation of the 
real structure. Our simulations are not sensitive to the depth 
of the Moho interface, which we set at about 4-5 km shal-
lower than the mean regional mode!, following the results 
of the active seismic surveys performed in the area (Hirn et 
al., 1997). In fact, the signature of this interface does not 
show up at the distance simulated here. The fact that the ID 
seismograms feature a lower coda amplitude than the 2D 
seismograms. suggests that the high value of attenuation 
should not be used for the whole distance of the shallow 
layers, but only locally. 
Though this study is lirnited to the analysis based on the 
record of one event at one station, it shows that the use of 
realistic models can significantly improve modeling effec-
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Figure 5. Piane layer models used in this study. Top panels, full depth; bottom 
panels, enlargment at depth 0-3.5 km. Thick, gray line, mean regional structure; Black, 
solid li ne, piane layer mode! derived from the 20 mode! specifìcally bui! t up for transect 
t06 in this study; black. dashed line, piane layer mode! which accounts for the deep 
structure (z > 1.5 km) of the mean regional mode! from, and the shallow srructure (z 
< 1.5 km) of the 20 mode!. 
tiveness. Besides that, even if we adopt a simple point 
source, the seismograms calculated using the 2D model are 
extremely realistic. This supports the following conclusions: 
(l) the 13 December 1990 East Sicily earthquake does not 
feature s ignificant rupture directivity effects, and (2) the 
wave propagation along the transect considered in this study 
displays significant 2D/3D subsurface structure effects. 
Inftuence of the Catania ENEA-ENEL Site on 
the Seismic Response 
In addition to the earthquake data, seismic noise was 
recorded at the same site as the Catania station (Priolo et al., 
200 l) with the aim of improving the estimation of l oca l seis-
mic response. We used Nakamura's technique (Nakamura, 
1989), which provides the main features of the dynamic 
ground response (i.e., the fundamental frequency) through 
the calculation of the spectral ratio between the horizontal 
and vertical components of seismic noise. In Figure 7, we 
compare the HVSRs obtained from (i) seismic noise, (ii) the 
seismograms recorded by the accelerometric station during 
the 13 December 1990 M 5.8 East Sicily earthquake, and 
(iii) the seismograms computed by the 2D spectral element 
method for the same earthquake. 
The seisrnic noise signals have duration of about 30 
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Figure 6. Three-component velocity and acceleration seismograms recorded by the 
Catania ENEA-ENEL accelerometric station (thick lines) and computed numerically 
(thin lines) for different piane layer models. Mean regional structure, Wl M: Mean; deep 
structure of the mean regional mode! and shallow structure of the 20 mode!. WIM: 
Mean + Priolo 99: the best piane layer approximation of the 20 structure, WIM: Priolo 
99; 20 mode! (SPEM). With the dashed, gray lines, an intuitive identification of the 
same phases is proposed. Other details as in Fig. 4 . 
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Figure 7. HVSRs computed for the ENEA-ENEL Catania station. Grey curves in 
both panels: ratios determined from the recordings of the 13 Oecember 1990 East Sicily 
earthquake (full record and coda from 20 to 45 sec, left and right panels. respectively). 
Left pane!, black curve: ratio simulated for the same event and using the SPEM 20 
spectral element code. Right pane!. black curve: ratio obtained from the seismic noise 
measurements (Priolo et al.. 2001). 
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as the average of the spectral ratios computed on a set of 
about ten 3-minutes-long running ti me windows. For the ge-
neric i-th time window, the signal is processed as follows: 
( 1) DC removal and linear detrending; (2) 5% cosine taper-
ing; (3) computation of the horizontal component of the 
motion as a vector sum of the two horizontal components; 
(4) computation of the square root of the power spectral 
density (PSD) of the horizontal and vertical components 
(H; and V, respectively), with FFT length of l 024 samples; 
(5) computation of the {HN}; = H;N; ratio; and (6) esti-
mation of the median HN and associated errors. 
The earthquake records and synthetics seismograms 
ha ve a duration of about one minute. The procedure used for 
estimating the HYSR is similar to that used for seismic noise, 
except for the fact that only one time window is considered. 
This results in less smooth HVSR curves. 
The ratios obtained from the seismic noise measure-
ments detect the fundamental mode of vibration at about 
1.5 Hz. As Figure 8 shows, this frequency corresponds to 
the resonant frequency of either the thin fine alluvium de-
posit (Alt), or its combination with the underlying layer of 
light blue clays (Aa). We remind the reader here that the 
shallow structure of the 2D mode! has been built up on the 
base of the existing, rich geotechnical dataset (Faccioli, 
1997), and therefore, simulates the rea! structure very 
closely. The HVSRs, estimated from seismic noise, miss the 
peak at the higher frequency of 4-6Hz. This fact may either 
confirm that Nakamura's method can be used for identifying 
only the fundamental mode of vibration, or that the peak at 
4-6 Hz in the earthquake records is a feature of the earth-
quake source. The HVSRs determined from the synthetic 
seismograms are generally noisier, however they well repro-
duce the behavior of the spectra1 ratios determined from the 






l Hz. The low-frequency peaks at 0.5 Hz and 0.7 Hz of the 
synthetic HYSR correspond to the natura] frequencies of 
thicker portions of sediments, corresponding to the bottom 
of Spa2 (z = 450 m) and Spa1 (z = 200 m) formations, 
respectively (see Figs. 2 and 8). The measured HVSRs do 
not display such peaks, while they show a clear rise atf < 
l Hz. W e point out that severa) sites in the Catania area have 
displayed amplification in the low-frequency band 0.3- 1 Hz 
(Priolo et al., 2001). Although not detìnitively confirmed, 
this low-frequency peak is likely the effect of the geologica) 
structure, namely of some hundreds of meters of the sedi-
mentary formations (Giampiccolo et al., 2001; Priolo et al., 
200 l). The presence of su c h peaks in the simulated HVSRs 
suggests that our 2D mode! features too-high impedance 
contrasts at those depths. 
Conclusions 
In this article we reproduce the waveforms and spectra 
recorded by the Catania station during the M 5.8, 13 Decem-
ber 1990 earthquake. This has been done using a point 
source representation and modeling the wave propagation 
along a 2D structure, defined in detail. Our study demon-
strates that the large amplitude recorded by the Catania 
ENEA- ENEL station during the 1990 earthquake can be ex-
plained as a combined effect of crostai structure and site 
characteristics. 
Moreover, this paper validates the whole 2D approach 
used in previous studies to estimate the ground motion for 
the Catania area. In generai, it emphasises the importance of 
using methods that accurately mode! the wavetìeld propa-
gation through Jaterally heterogeneous geologie structures 
for predicting ground motion. In particular, we show that the 
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Figure 8. Detail of the shallow structure beneath the ENEA-ENEL station (see also 
Fig. 2 for the complete structure ). This site corresponds to si te A 15 of the seismic noi se 
survey (Priolo et al., 200 l). The fundamental frequencies of the first three layers are 
explicitly indicated. 
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structure in detail provides much more accurate waveforms 
than simple (piane Jayer) models. 
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